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Preface 


Games  have  been  part  of  every  civilization  throughout  the  ages.  It  is 
no  wonder,  then,  that  electronic  games  have  been  developed  in  our 
time.  Integrated  circuits  and  the  microprocessor  have  brought  an 
endless  variety  of  electronic  games  within  the  reach  of  everyone  who 
has  a  TV  set — and  that  includes  almost  every  household  in  the 

United  States. 

The  technical  aspects  of  electronic  games  involve  a  number  of 
specialized  fields  within  the  electronics  technology.  Basic  television 
principles,  both  monochrome  and  color,  must  be  combined  with 
digital  display  techniques  and,  most  important,  with  an  understand¬ 
ing  of  microprocessor  and  computer  elements.  Engineers,  students, 
technicians,  and  competent  hobbyists  who  already  know  electronics 
will  find  in  this  book  all  the  information  they  need  to  design, 
program,  maintain,  and  troubleshoot  all  types  of  electronic  games. 

Television,  digital  displays,  and  even  microprocessors  are  covered 
in  many  different  books,  but  Electronic  Games  is  the  first  practical 
book  that  deals  with  all  technical  aspects  of  electronic  games.  Clear 
and  concise  chapters  cover  each  of  the  essential  elements  of  elec¬ 
tronic  games,  including  the  home  TV  types  as  well  as  other  types  of 
games.  The  emphasis  throughout  this  book  is  on  the  practical  tech¬ 
nology  as  it  applies  to  existing  and  future  games.  Typical  hardware 
and  software  are  discussed  in  practical  terms,  with  a  large  number  of 
illustrations,  backed  by  information  from  the  service  literature  of  the 
major  game  manufacturers. 

This  book  starts  by  presenting  electronic  game  fundamentals  in 
the  form  of  block  diagrams,  concentrating  on  the  essential  circuit 
functions.  TV  picture  parameters,  including  basic  monochrome  and 
color  TV  circuitry,  are  reviewed  in  Chapter  2,  and  video  effects 
related  to  games  are  covered  in  Chapter  3.  Sound  effects  and  the 
special  circuits  used  to  generate  them  are  the  topic  of  Chapter  4.  The 
next  four  chapters  deal  with  microprocessor  fundamentals,  program¬ 
ming,  program  storage,  and  microprocessor  applications  to  games. 
These  chapters  give  the  reader  an  insight  into  how  microprocessors 
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work  and  how  they  can  be  programmed  to  provide  endless  varia¬ 
tions  of  all  types  of  electronic  games. 

Chapter  9  deals  briefly  with  the  fundamentals  of  games,  their 
rules,  and  their  appeal  to  different  players.  Typical  electronic  games 
are  discussed  in  Chapters  10  and  11.  Design  examples  for  a  relatively 
simple  game.  Pit  and  the  Pendulum,  and  a  microprocessor-based 
game  of  chance.  Blackjack,  are  presented  in  Chapter  10,  while  Chap¬ 
ter  11  covers  typical  electronic  games  from  the  major  manufacturers. 
Chapter  12  completes  this  book  with  troubleshooting  techniques 
designed  specifically  for  electronic  games,  from  the  simplest  to  the 
most  sophisticated. 

We  hope  that  these  twelve  chapters,  together  with  the  references 
cited,  will  provide  a  complete  source  of  technical  information  on 
electronic  games  to  all  of  our  readers.  Because  we  have  emphasized 
both  essential  elements  and  actual  circuitry,  hardware  and  software, 
we  are  certain  that  advances  in  electronic  game  design  will  not 
render  this  book  obsolete  for  many  years. 


Walter  H.  Buchsbaum 
Robert  Mauro 


1.1  GAMES  WE  HAVE  ALWAYS  PLAYED 

|  The  importance  of  electronics  in  our  daily  lives  continues  to  increase 
every  year.  The  TV  system  uses  electronics  to  extend  our  vision,  as 
the  name  "television"  implies.  Public  address  or  intercom  systems 
extend  the  range  of  our  voice,  and  remote  control  systems  extend  the 
range  of  our  arms.  A  moment's  thought  will  convince  you  that 
electronics,  in  practically  all  applications,  is  a  tool  used  by  human 
beings  to  improve,  extend,  or  magnify  the  capabilities  of  our  senses. 
In  the  design,  manufacture,  and  troubleshooting  of  all  these  elec¬ 
tronic  devices,  we  have  to  have  some  fundamental  understanding  of 
these  sensesSIn  Chap.  2,  a  brief  explanation  of  some  of  the  character¬ 
istics  of  human  vision  is  included  as  part  of  the  explanation  of  how 
TV  pictures  are  generated.  Every  hi-fi  fan  knows  about  the  frequency 
and  dynamic  amplitude  range  of  human  hearing.  In  electronic  game 
design,  some  of  the  principles  of  vision,  hearing,  and  manual  dexter¬ 
ity  are,  of  course,  an  important  part.  But,  as  we  shall  see  below, 
when  electronics  is  applied  to  games,  new  and  quite  diffeient 
dimensions  have  to  be  considered.  Before  we  start  with  the  techn.cal 
aspects  which  are  the  topic  of  this  book,  we  want  to  loo  \  er\  ne  \ 
at  some  essential  nonelectronic  concepts. 
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Games  occupy  a  very  special  place  in  our  life.  Games  have  been 
studied  on  a  sociological,  psychological,  and  cultural  basis,  and  we 
know  from  history  that  they  have  been  an  important  part  of  ah 
civilizations  and  cultures.  Games  involving  competition  among  ind 
viduals,  both  in  a  physical  and  mental  way,  have  been  known 
throughout  recorded  history,  and  there  is  good  reason  to  believe  that 
even  cave  dwellers  threw  stones  or  shot  arrows  at  targets  for  the  fun 
of  competition.  The  people  who  enjoyed  these  game!  could  always 
be  divided  into  players  and  spectators.  The  spectators  participated  [n 
games  by  putting  themselves  into  the  place  of  the  players.  Even  in 
°dY  s  televised  football  games,  the  viewers  seem  to  suffer  or  enjoy 
he  hard  knocks  of  the  players  on  the  screen. 

All  of  the  games  known  today  can  be  divided  into  two  broad 
categones.  There  are  games  of  skill,  physical  or  mental  or  both, 
where  the  key  element  is  the  competition  between  players  and  the 
need  to  win.  In  the  second  category  are  games  of  chance,  where  the 
ey  element  is  the  player's  belief  in  luck,  intuition,  or  some  special, 
magical  quality.  In  this  type  of  game,  too,  the  object  is  to  win.  As  a 
matter  of  fact,  "winning”  is  common  to  all  games,  and  it  is  this  key 
element  that  generates  the  anticipation,  excitement,  joy— for  win- 
[^ning — and  sadness — for  losing.  This  common  element  of  games,  the 
emotional  involvement,  is  the  key  difference  between  electronic 
games  and  all  other  applications  of  electronics.  Our  emotions 
aroused  by  a  TV  or  radio  program  have  little  to  do  with  the  electron¬ 
ics,  but  depend  primarily  on  what  the  studio  transmits  to  us.  In 
electronic  games,  however,  the  emotional  involvement  is,  at  least  in 
part,  influenced  by  the  game  design  itself.  It  is  the  first  time  that 
engineers  have  had  to  design  for  emotional  response. 

Let's  think  about  this  new  design  requirement  for  a  moment. 
Instead  of  designing  only  for  simple  tuning,  clear  pictures,  true 
colors,  realistic  audio  reproduction,  low  noise,  etc.,  we  must  now 
make  our  product  appeal  to  some  specific  human  emotions.  What  are 
these  emotions?  What  specific  features  must  our  electronic  game 
have  to  arouse  and  then  satisfy  these  emotions?  Without  getting  into 
psychology,  let's  briefly  look  at  the  emotional  aspects  of  games. 

As  we  pointed  out  before,  the  key  object  in  any  game  is  to  win. 
Whether  we  win  over  a  human  competitor  or  win  over  what  we  think 
of  as  the  goddess  of  luck  or,  in  the  most  recent  type  of  electronic 
game,  win  over  the  computer,  one  key  element  is  uncertainty.  If  the 
I  outcome  of  a  game  were  known  in  advance,  neither  the  players  nor 
the  spectators  would  have  any  interest  in  it.  If  you  know  what  cards 
everyone  will  get,  if  you  know  the  cast  of  the  dice  in  advance,  there 
will  be  no  interest  in  playing.  This  point,  the  element  of  uncertainty. 
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is  an  essential  element  in  designing  electronic  games.  It  is  a  new 

departure  for  engineers  because,  ordinarily,  engineers  design  for  . 
certainty.  j 

The  element  of  uncertainty  can  be  introduced  into  an  electronic 
game  by  the  uncertain  skill  of  the  player  or  it  can  be  introduced  by 
the  game  itself.  Different  players  will  have  different  motor  and 
mental  skills,  and  these  skills  vary  from  moment  to  moment  in  each 
player.  Our  dexterity  in  turning  knobs,  concentrating  on  the  displa^,  ~j 
guessing  our  opponent's  moves — all  these  things  contribute  uncer¬ 
tainty.  In  most  games  additional  elements  of  uncertainty  are  intro¬ 
duced  by,  for  example,  varying  the  trajectory  and  the  speed  of  the 
ball,  etc. 


In  the  case  where  the  game  itself  provides  the  uncertainty,  as  in 
games  of  chance,  random  actions  are  generated  electronically.  When 
the  dice  player  throws  the  dice,  many  random  factors,  such  as  the 
bouncing,  the  speed,  and  the  surface,  interact  on  each  other  to  , 
produce  the  winning  or  losing  number.  Randomness  means  that  j 
events  occur  in  a  sequence  that  is  not  prearranged  or  predictable. 
The  events  that  occur  may  be  limited,  such  as  the  11  numbers  in  dice 
or  the  52  cards  in  blackjack,  but  their  sequence  must  be  random.  As 
we  shall  see  in  later  chapters,  the  generation  of  random  numbers  is 
not  as  simple  as  appears  at  first  thought.  To  produce  a  long  string  of 
random  numbers  using  only  the  numbers  from  2  thru  12,  as  they 
apply  to  a  dice  game,  requires  careful  design.  _ 

While  uncertainty  is  probably  the  major  element  in  a  game's 
emotional  appeal,  two  other  aspects  are  also  essential.  All  games 
require  certain  rules  on  which  the  players  have  to  agree  in  advance.^ 
Sometimes  these  rules  are  so  complex  as  to  require  judges  or  umpires 
to  interpret  them.  We  need  only  think  of  the  simple  rules  for  tic-tac- 
toe  and  compare  them  to  the  complex  rules  of  baseball  or  chess  to 
realize  that,  without  knowledge  of  and  adherence  to  the  rules,  games 
simply  couldn't  be  played.  In  electronic  games  these  rules  are,  of 
course,  known  to  the  players,  but  they  must  also  be  a  part  of  the 
game  itself.  As  we  shall  see  later  in  this  chapter,  the  rules  must  be 
incorporated  in  the  electronic  game  control  circuits  along  with  the 
elements  of  randomness.  In  the  more  sophisticated  electronic  games, 
where  a  wide  variety  of  different  games  can  be  programmed,  the 
rules  for  each  game  occupy  a  designated  portion  of  the  program 
memory. 

“What's  the  score?"  is  the  perennial  cry  of  every  spectator  and 
player.  Knowing  the  score  is  essential  for  the  player  in  deciding 
future  actions.  In  electronic  games  this  need  to  know  the  score  means 
that  some  circuitry  must  be  included  which  keeps  count  of  the 
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winning  and  losing  actions  of  each  player.  This  information  must 
then  be  displayed  in  the  format  appropriate  for  the  particular  game 
A  moment's  thought  will  convince  you  that  the  scorekeeping  circui¬ 
try  must,  in  some  way,  be  connected  to  the  circuits  that  "know"  the 
|  rules.  We  also  realize  that  the  scorekeeping  circuitry  will  have  to 
^  "know"  when  the  game  starts  and  when  it  is  over. 

The  display  of  the  score  can  involve  considerable  circuit  complex¬ 
ity  for  all  those  games  that  use  a  TV  display.  It  is  one  thing  to  display 
lines,  dots,  and  simple  objects,  but  displaying  the  whole  set  of 
alphanumeric  characters — that  requires  sophisticated  electronics.  To 
avoid  this,  most  of  the  inexpensive  TV  games  display  only  numerals 
which  can  be  composed  of  the  seven  segments  so  familiar  from  the 
light-emitting  diodes  (LEDs)  used  in  digital  watches  and  pocket 
calculators.  When  you  see  "YOU  LOSE  TURKEY"  displayed  on  a  TV 
screen,  you  know  that  a  sophisticated  microprocessor-based  elec¬ 
tronic  game  has  told  you  your  score. 

To  sum  up  this  brief,  nontechnical  discussion,  now  is  the  first 
time  that  game  designers,  electronics  engineers,  and  technicians 
must  consider  the  emotions,  not  only  the  senses,  of  their  customers. 
m^es  ^e  game  and  the  score  are  also  essential  features, 

I  common  to  all  electronic  games.  The  TV  viewer  believes  that  the 
i  actl°n  on  the  TV  screen  represents  reality.  When  we  are  watching  a 
football  game  we  can  believe,  at  least  for  the  moment,  that  we  are  at 
the  stadium.  We  know  that  what  we  see  is  really  happening.  When 
we  really  get  involved,  we  can  almost  feel  the  tension  and  we  become 
part  of  the  action  on  the  playing  field.  This  element  of  emotional 
involvement  is,  of  course,  also  important  for  the  success  of  electronic 
gsrftes.  The  viewer  has  now  become  a  player  who  is  trying  to  win.  As 
we  have  seen,  the  uncertainty  of  the  outcome  is  one  of  the  key 
elements  in  any  kind  of  game.  This  uncertainty  must  be  assured 
either  by  the  player's  own  actions  or  by  some  contribution  of  ran¬ 
domness  contained  in  the  electronic  game  itself. 


1.2  ELECTRONIC  GAME  BLOCK  DIAGRAM 

Figure  1.1  shows  the  complete  block  diagram  of  any  kind  of  elec¬ 
tronic  game.  You  will  notice  that  it  includes  the  player.  The  player 
has,  like  the  electronic  game  itself,  an  input  and  an  output  In  this 
simplified  version,  the  input  is  visual  and  the  output  is  manual.  The 
p  ayer  watches  the  game  display  and  acts  on  it  by  manipulating  the 
controls.  The  electronic  game's  input  consists  of  the  player's  action 
on  t  e  controls,  and  its  output  is  a  TV  screen.  Between  the  player 
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controls  and  the  1  \  screen  is  the  real  heart  of  the  electronic  game,  the 
control  section.  As  we  shall  see  in  later  chapters,  this  control  section 
can  consist  of  a  single  integrated  circuit  (1C)  or,  in  more  sophisticated 
electronic  games,  it  can  contain  what  is  in  effect  a  small  computer. 

In  reality  there  is  a  great  deal  more  in  each  of  the  blocks  shown  in 
Fig.  1.1.  The  player's  input  is  not  limited  to  the  TV  screen.  The  player 
may  receive  audible  cues  and  may  also  use  his  or  her  own  brain,  a 
very  sophisticated  computer,  to  introduce  variations  of  the  game 
rules.  The  manual  activity,  the  player's  output,  may  range  from 
pushing  the  button  to  manipulating  a  complex  "joystick"  or  two. 
Dexterity,  practice,  and  nerve-muscle  reaction  time,  are  only  a  few  of 
the  elements  the  player  adds  to  the  game.  In  Fig.  1.1  a  single  player  is 
shown  for  simplicity's  sake,  but  several  players  usually  compete 
against  each  other,  either  by  manipulating  the  controls  sequentially 
or  by  using  individual  controls. 

Figure  1.1  depicts  a  closed-loop  system.  This  means  that,  in  order 
for  the  system  to  function,  all  of  its  elements  must  be  able  to  interface 
with  each  other  correctly.  If  the  display  is  too  fast  or  too  slow,  too 
bright  or  too  dim,  for  the  human  player,  the  system  will  not  work.  If 
the  controls  are  too  difficult  or  too  easy  to  operate,  if  they  are  too 
large  or  too  small,  or  if  they  do  not  correctly  control  the  display,  the 
system  will  not  work.  As  we  shall  see  in  later  chapters,  definite 
limitations  exist  concerning  the  speed  of  the  action  and  the  amount 
of  information  that  the  display  can  present  to  the  players. 

Most  electronic  games  can  be  categorized  as  coin-operatecf, 
arcade-type  games,  board  games,  or  TV  games.  Both  arcade  and  TV 
games  use  a  TV  screen  as  the  display,  but  the  TV  game  includes  an 
RF  link  so  that  it  can  be  added  to  any  home  receiver,  while  the  arcade 
game  contains  its  own  TV  monitor.  Board  games  usually  use  LEDs  as 


^'9ure  1.1  Basic  electronic  game. 
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displays,  while  .he  game  is  actually  played  by  moving  figures  on  , 

b°Figure  '"/shows  the  block  diagram  of  a  basic  TV  game.  Two 
Players  are  shown  here,  each  with  individual  controls  which  signal 
to  the  control  logic  section.  The  master  control  lets  us  select  the  type 
of  game  we  want  to  play  and  choose  its  key  parameters.  It  is  possible, 
for  almost  all  TV  games,  to  determine  the  speed  of  the  ball,  the  size  of 
the  racket  or  bat,  the  type  of  trajectory,  whether  the  game  is  to  be 
played  on  a  novice,  intermediate,  or  expert  level,  etc.  The  output 
from  the  master  controls  goes  to  the  control  logic  portion,  which  is 
the  center  of  the  electronic  game  itself.  Depending  on  the  level  of 
sophistication,  this  control  logic  may  be  a  single,  special-purpose  IC, 
or  it  may  be  a  microprocessor  with  memory  and  other  additional 
functions.  In  either  event,  signals  from  the  control  logic  go  to  the 
display  circuits  where  they  are  converted  into  TV  signals.  These  TV 
signals  are  then  modulated  on  an  RF  carrier  and  sent  to  the  antenna 
switch.  As  explained  in  some  detail  in  Chap.  3,  this  switch  allows  the 
viewer  to  select  regular  TV  broadcasts  via  the  antenna  or  connect  the 
TV  signals  from  the  game,  which  are  then  displayed  on  an  unused 
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TV  channel.  In  this  arrangement  the  TV  set  serves  as  display  and 
requires  no  modification. 

The  major  difference  between  TV  games  and  arcade  or  coin- 
operated  games  is  that  the  display  circuits  of  the  arcade  game  (Fig. 
1.2)  drive  a  monitor.  There  is  no  RF  output  and  no  antenna  switch, 
and  the  power  switch  is  controlled  by  the  coin  collection  device. 

Each  of  the  functions  shown  in  the  simple  block  diagram  of  Fig. 

1.2  is  covered  in  some  detail  in  this  book.  The  player  controls  and  the 
master  controls  are  described  in  this  chapter,  as  are  some  of  the  most 
frequently  used  non-TV  displays.  Because  of  the  importance  of  TV7 
displays,  both  monitors  and  TV  receivers.  Chap.  2  is  devoted  to  this 
topic.  The  antenna  switch  and  display  circuits  are  the  topic  of  Chap. 
3,  and  sound  effects,  indicated  by  the  loudspeaker  of  Fig.  1.2,  are  the 
topic  of  Chap.  4.  The  simple  box  marked  "Control  logic"  is  so 
important  that  its  description  fills  Chaps.  5  thru  8. 

1.3  CONTROLS 

As  indicated  in  the  block  diagram,  two  types  of  controls  are  provided 
with  every  kind  of  electronic  game.  The  master  controls,  usually  a  set 
of  toggle,  rotary,  or  thumbwheel  switches,  are  used  to  select  the  type 
of  game  and  its  key  parameters.  Player  controls  range  from  simple 
pushbutton  switches  or  a  complete  keyboard,  to  potentiometers, 
joysticks,  and  combinations  of  potentiometers  and  switches 
arranged  in  some  unique  ways.  The  early  TV  games  invariably  used 
simple  potentiometers  to  control  the  vertical  position  of  the  racket, 
bat,  etc.  In  more  complex  versions  two  potentiometers,  sometimes 
mounted  on  concentric  shafts,  were  used  to  control  both  horizontal 
and  vertical  motion. 

Another  degree  of  complexity  is  added  with  the  joystick.  This 
arrangement  essentially  consists  of  two  potentiometers  located  at 
right  angles  to  each  other  which  are  driven  by  a  two-dimensional 
mechanical  arrangement.  One  potentiometer  turns  when  the  joystick 
moves  front  to  back,  while  the  other  moves  when  the  joystick  moves 
left  to  right.  When  the  joystick  moves  in  the  diagonal  direction,  both 
potentiometers  are  driven  by  the  gear  mechanism.  In  the  Fairchild 
Channel  F  game  an  ingenious  mechanical  arrangement  allows  the 
player  to  hold  the  control  handle  in  one  hand  while  moving  a  knob  as 
a  joystick,  rotating  it,  and  using  it  as  an  up-down  pushbutton 
control.  These  complexities  increase  the  required  manual  skill  and 
are  potential  trouble  sources  due  to  contact  wear. 

Probably  the  most  reliable  type  of  player  control  is  the  pushbutton 
eyboard.  In  the  RCA  Studio  II  games  the  keyboard  is  used  for  all 
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control  functions,  even  for  positioning  the  racket  or  bat  and  f 

moving  the  pointer  in  the  games  of  Doodles  and  Patterns.  Differed 

eys,  designated  by  appropriate  arrows,  control  motion  as  lonP 
they  are  depressed.  °  as 

Potentiometers  are  fine  for  those  games  that  do  not  use  a  micm 
processor  as  control,  but  pushbutton  controls  are  more  economic-.! 
or  microprocessor-controlled  games  because  the  information  thev 
generate  is  already  in  digital  form.  When  potentiometer  controls  are 
used  with  microprocessor  games,  the  analog  voltage  due  to  the 
potentiometer  must  be  converted  into  a  digital  quantity  in  order  to 
be  entered  through  the  microprocessor  system. 


1.4  DISPLAYS 

The  vast  majority  of  electronic  games  rely  on  a  cathode-ray  tube— a 
TV  picture  tube— for  their  main  display.  This  includes  the  TV  games 
and  almost  all  coin-operated  games.  There  are  some  pinball 
machines  that  use  the  conventional  multicolored  flashing  lights  and 
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Figure  1.3  LED  driver  system. 
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in  d.gil.,1  Clocks,  watches,  hand-held  calculator^  Thefe “numerh 
cal  indicators  are  available  as  LEDs,  gas-discharge  devices  (NiTe  ,or 
example)  and  liquid-crystal  displays  (LCDs).  The  LED,  the  mos 
popular  features  low  voltage,  relatively  high  current,  high  visibility, 
and  relatively  low  price.  The  gas  discharge  type  of  display  requires  a 
h.gher  voltage,  usually  above  100  V,  and  low  current  and  is  equally 
visible  and  inexpensive.  LCDs  act  as  light  valves  and  depend  on 
reflected  or  transmitted  light  in  order  to  show  the  numeral  LCDs 
require  moderately  high  ac  voltages  at  very  low  currents  and  they 
cost  slightly  more  than  the  other  two  types. 

LEDs  are  most  widely  used  in  those  electronic  games  which  do  not 
rely  on  a  picture  tube.  Figure  1.3  shows  a  typical  LED  driver  system. 
Note  that  separate  resistors  go  to  each  LED  segment  from  the 
decoder! driver  circuit.  The  desired  number  is  entered  in  binary- 
coded-decimal  (BCD)  format,  and  the  correct  segments  are  automati¬ 


cally  illuminated.  ICs  are  available  that  can  drive  as  many  as  four  to 
six  7-segment  LED  numerals.  The  Parker  Bros,  game  Code  Name 
Sector  includes  the  driving  circuits  for  six  LED  numerals  and  four 
LED  dots  in  the  single  microcomputer  game  IC.  In  some  games  the 
current  to  the  LED  is  switched  on  and  off  at  a  rapid  rate,  to  save 
power.  Since  this  switching  or  multiplexing  occurs  very  fast,  the 
numerals  appear  as  a  steady  display. 


1.5  POTENTIAL  PROBLEMS 

Like  many  new  products,  electronic  games  face  a  number  of  prob¬ 
lems,  mostly  in  the  merchandising,  pricing,  and  promotion  field. 
Three  technical  problems  have  surfaced  so  far.  While  solutions  have 
been  found  for  all  of  them,  their  existence  cannot  be  ignored. 

The  first  problem  concerns  a  characteristic  of  cathode-ray  (picture) 
tubes.  When  a  fixed  pattern  is  displayed  for  a  long  time  at  high 
brightness  and  contrast,  the  phosphor  screen  will  “wear7'  more  at  the 
bright  areas  than  at  the  dark  ones,  causing  the  pattern  to  remain 
visible,  even  when  other  pictures  are  displayed.  This  problem  does 
not  normally  occur  in  TV  receivers  because  pictures  change  continu¬ 
ously.  In  some  early  studio  monitors  the  station  test  patterns  did 
become  permanently  fixed  on  the  screen.  The  same  thing  happened 
in  some  of  the  early  coin-operated  games  because  a  particular  game 
pattern  could  remain  stationary  on  the  picture  tube  screen  for  many 
hours.  All  of  the  newer  coin-operated  electronic  games  eliminate  this 
potential  problem  by  continuously  changing  the  display  patterns 
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when  the  machine  is  idle.  In  home  TV  games  this  problem  of  "wear" 
d urine  long  periods  of  fixed  game  pattern  display  has  been  solved  in 
several  ways.  The  owner's  manual  usually  contains  advice  to  the  user 
to  turn  the  set  and/or  game  off  when  not  in  use.  Some  games 
automatically  change  patterns,  and  in  all  of  them  the  level  of  modula¬ 
tion  of  the  RF  carrier  is  deliberately  set  below  50%  to  reduce  the 
contrast  between  the  light  and  dark  portions  of  the  screen. 

The  second  problem  concerns  FCC  regulations  for  '  Type  Approval 
under  Part  15"  of  any  Class  I  TV  device  that  is  coupled  to  a  TV  set 
with  a  modulated  RF  oscillator.  This  means  that  every  TV  game  must 
have  type  approval,  requiring  RF  emission  tests  conducted  in  an 
elaborately  instrumented  test  facility.  Possible  interference  with 
nearby  TV  receivers  is  the  reason  for  this  requirement.  This  interfer¬ 
ence  can  originate  in  the  RF  oscillator  chassis  itself  or  in  the  cable 
connecting  it  to  the  TV  set;  in  the  worst  case,  the  RF  signal  could  be 
radiated  by  the  antenna  that  is  connected  to  the  TV  set.  Since  the  first 
few  TV  games  were  refused  approval  by  the  FCC,  the  industry  has 
learned  how  to  eliminate  or  greatly  reduce  all  unwanted  radiation. 
Technical  details  are  covered  in  Chap.  3  in  connection  with  the  RF 
oscillator  and  the  antenna  switch. 

The  third  problem  concerns  electrical  safety  and  involves  the  ac 
power  line.  Many  TV  receivers  do  not  use  isolating  transformers  and 
have  one  side  of  the  chassis  connected  to  the  power  line.  A  potential 
hazard  exists  if  the  electronic  game  chassis  is  also  connected  to  the 
power  line  and  if  the  two  ac  plugs  make  the  TV  and  the  game  chassis 
"hot"  with  respect  to  each  other.  All  of  the  TV  games  now  on  the 
market  use  either  batteries  or  an  isolating  transformer.  In  addition, 
the  external  surfaces  of  all  ac-operated  games  are  well  insulated  from 
the  power  line.  When  you  are  troubleshooting  a  TV  game,  it  is  still  a 
good  idea  to  check  if  there  are  any  points  where  the  power  line  could 
connect  to  the  chassis. 


The  vast  majority  of  electronic  games  are  used  with  standard  mono¬ 
chrome  and  color  TV  receivers,  and  unless  you  know  how  this 
equipment  works,  you'll  be  tapping  in  the  dark  when  you  are  trying 
to  design,  program,  build,  or  troubleshoot  an  electronic  game.  1  is 
chapter  contains  the  essentials  necessary  to  understand  what  tac 
TV  receiver  stage  does  and  why,  the  critical  signal  characteristics, 
and  a  very  brief  explanation  of  monochrome  and  color  pit  lure  tu 


2.1  ESSENTIAL  TV  RECEIVER  FUNCTIONS 

Commercial  TV  transmission  in  the  United  States  uses  a  total  t  t  . 
assigned  channels,  each  6  MHz  wide  and  coveting  portions  < 

VHF  and  UHF  spectrum.  Electronic  games  which  are  conn ec  ec 
the  TV  receiver  antenna  terminals  use  either  channe  or  ^ 
because  there  is  practically  no  location  in  the  United  States  served  l  y 
both  of  these  channels.  TV  transmitters  operate  essentia  V 
of-sight  basis,  and  stations  in  adjacent  areas  genera  y 
alternate  channels.  ,  |U  lcV 

Figure  2.1  shows  the  TV  channel  spectrum  and  illus  .  dP 

teatures  of  TV  transmission.  We  see  that  the  vi _y°  a,T  ;nforma* 
signals  are  transmitted  on  two  different  carriers.  The  v.du 
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tion  is  amplitude-modulated  and,  as  explained  later  in  this  chapter 
requires  a  bandwidth  of  about  4  MHz,  while  the  audio  signal  is 
frequency-modulated  on  a  separate  carrier  with  a  bandwidth  of  5o 
kHz.  As  illustrated,  the  audio  carrier  is  4.5  MHz  higher  in  frequency 
than  the  video  carrier — an  essential  feature,  as  we  shall  see  below. 

To  save  precious  spectrum  space,  the  lower  sideband  of  the  video 
carrier  envelope  is  suppressed.  This  particular  arrangement  is  called 
vestigial  sideband  suppression.  For  channel  3  the  video  carrier  fre¬ 
quency  is  61.25  MHz  and  the  audio  carrier  is  65.75  MHz.  Channel  4  is 
exactly  6  MHz  higher  in  frequency.  There  is  an  anomaly  in  the 
frequency  assignment  of  channel  5.  Its  video  carrier  is  at  77.25  MHz 
and  its  audio  carrier  at  81.75  MHz.  The  4-MHz  gap  between  channels 
4  and  5  explains  why  both  of  these  channels  are  frequently  assigned 
to  TV  stations  in  the  same  service  area.  You  may  encounter  adjacent- 
channel  interference  from  channels  2  or  4  if  your  electronic  game 
operates  on  channel  3,  but  it  is  almost  impossible  to  get  channel  5 
interference  on  channel  4. 

The  block  diagram  of  Fig.  2.2  illustrates  the  essential  monochrome 
TV  receiver  functions.  Color  operation  requires  additional  circuitry, 
and  these  functions  are  discussed  at  the  end  of  this  chapter.  The  RF 
signal  enters  from  the  antenna  and  is  selected  by  the  tuner.  Standard 
superheterodyne  circuits  are  used,  with  the  local  oscillator  higher  in 
frequency  than  the  incoming  signal.  Because  of  the  difference 
between  VHF  and  UHF  circuits,  separate  tuners  are  used,  with 
mechanical  and  electrical  coupling.  The  output  of  either  tuner  is  the 
IF  signal,  which  has  the  video  carrier  at  45.75  MHz  and  the  audio 
carrier  at  41.25  MHz.  For  monochrome  receivers  the  video  carrier  is  3 
dB  below  the  peak,  and  the  audio  carrier  is  40  dB  below  the  peak 
video  response.  In  color  receivers  the  audio  carrier  must  be  about  60 
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Figure  2.1  TV  channel. 
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Figure  2.2  TV  receiver  block  diagram. 


dB  below  the  peak  to  avoid  audio  interference  in  the  picture.  Special 
tuned  circuits  in  the  IF  amplifier  section  reduce  the  audio  to  these 

levels. 

A  simple  diode  detector  removes  the  video  signal  from  the  carrier 
and  also  produces  a  4.5-MHz  FM  audio  signal  as  beat  between  the 
audio  and  video  IF  carriers.  This  4.5-MHz  audio,  often  called  the 
intercarrier  or  second  sound  IF  signal,  goes  to  an  amplifier  and  FM 
detector.  The  resultant  audio  is  then  amplified  and  drives  the 
speaker.  The  video  amplifier  produces  the  final  video  signal,  which 
must  be  about  40  to  60  V  peak-to-peak  to  drive  the  picture  tube. 

A  portion  of  the  video  signal  is  supplied  to  the  sync  separator 
section,  where  the  vertical  and  horizontal  synchronizing  pulses  are 
removed  and  separated.  More  about  these  signals  is  discussed  in 
Sec.  2.5.  The  vertical  and  horizontal  sweep  sections  generate  the 
signals  required  to  form  a  raster  on  the  screen  of  the  picture  tube, 
and  these  functions  are  discussed  in  some  detail  in  Sec.  2.3.  The 
picture  tube  itself,  monochrome  and  color,  is  such  an  essential 
dement  for  both  TV  games  and  the  arcade-type  games  that  Sec.  2.2  is 
devoted  to  monochrome  picture  tubes  and  Sec.  2.6  to  color  picture 
tubes  of  all  types. 

TV  receivers  generally  operate  from  the  power  line,  and  a  regu¬ 
lated  power  supply  provides  the  needed  dc  potentials.  These  func¬ 
tions  present  no  special  problems,  but  the  very  high  anode  voltages 
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required  by  all  picture  tubes  are  obtained  from  the  horizontal  svvee 
section,  and  this  function  is  discussed  briefly  in  Sec.  2.3. 


2.2  MONOCHROME  PICTURE  TUBE  BASICS 

The  TV  picture  tube  can  be  described  as  a  large  glass  bottle,  evacu¬ 
ated  to  a  very  high  degree,  which  has  an  electron  gun  at  the  neck  arid 
a  phosphor  screen  at  the  other  end.  A  thin  beam  of  electrons  origi¬ 
nates  at  the  electron  gun  and  strikes  the  phosphor  screen  inside  the 
glass  envelope.  The  viewer  sees  a  small  dot  of  bright  light.  When  the 
beam  is  rapidly  moved  both  in  a  horizontal  and  vertical  direction  a 
raster  is  generated  on  the  screen.  To  obtain  a  picture,  it  is  necessary 
to  vary  the  brightness  of  the  moving  dot. 

Figure  2.3  shows  the  basic  elements  and  voltages  required  to 
operate  a  monochrome  TV  picture  tube.  A  filament-heated  cathode 
emits  electrons,  and  the  grid  bias  controls  the  number  of  electrons 
which  will  strike  the  phosphor  screen.  An  accelerating  anode  focuses 
the  electron  beam.  After  the  electrons  strike  the  phosphor  screen, 
they  are  attracted  to  the  second  anode,  usually  a  conductive  coating 
on  the  inside  of  the  picture-tube  envelope.  Typical  second-anode 
voltages  range  from  12,000  to  25,000  V,  with  the  higher  voltages 
usually  used  for  larger-screen-size  picture  tubes. 

Picture-tube  type  numbers  start  with  the  diagonal  size  of  the 
screen  as  the  first  two  digits.  A  19-in  picture  tube,  for  example  may 
be  a  type  19  GP4.  The  last  digit,  the  4,  indicates  a  television-type, 
fast-decaying  phosphor.  The  phosphor  designation  number  for  color 
picture  tubes  is  a  two-digit  indication,  such  as  22. 

TV  screens  have  an  aspect  ratio  of  four  units  wide  by  three  units 
high,  but  for  many  electronic  games  only  a  portion  of  the  screen  is 
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Figure  2.4  (a)  Magnetic  deflection  and  (b)  current-voltage  waveforms. 


used.  This  means,  of  course,  that  a  portion  of  the  TV  screen  has  to  be 
blanked  out.  Because  the  TV  raster  is  made  up  of  fine  horizontal  lines 
and  because  the  same  number  of  lines  is  present  on  every  TV  screen 
regardless  of  size,  the  size  of  the  screen  determines  the  minimum 
viewing  distance.  This  distance  is  approximately  eight  times  the 
height  of  the  screen.  If  you  watch  a  10-in-high  screen,  you  have  to  be 
at  least  80  in  away  to  avoid  seeing  individual  lines.  Many  viewers 
have  a  tendency  to  sit  close  to  the  screen,  particularly  in  playing 
games,  and  this  often  results  in  eye  fatigue. 

In  Fig.  2.3  we  have  indicated  the  location  of  the  electromagnetic 
deflection  yoke  which  controls  the  motion  of  the  electron  beam. 
Small  cathode-ray  tubes,  such  as  those  used  in  oscilloscopes,  employ 
electrostatic  deflection,  but  all  TV  picture  tubes,  monochrome  as  well 
as  color,  use  electromagnetic  deflection.  Vertical  deflection  is 
obtained  by  means  of  horizontal  magnetic  flux  lines,  as  illustrated  in 


16  Electronic  Games 


Fig.  2.4a.  Similarly,  vertical  magnetic  flux  lines  deflect  the  elect 
beam  horizontally.  The  deflection  yoke  is  mounted  on  the  neck  of  IT 
TV  picture  tube  and  consists  of  one  set  of  horizontal  and  one  set  r 
vertical  deflection  coils.  The  horizontal  deflection  coils  are  located  ^ 
top  and  bottom,  while  the  vertical  coils  are  on  both  sides  Becau  ** 
much  more  horizontal  deflection  power  is  needed,  as  explained  lJe 
in  this  chapter,  the  horizontal  deflection  coils  are  on  the  inside  of  th 
yoke,  closest  to  the  electron  beam.  e 

To  generate  a  TV  picture,  the  electron  beam  must  be  moved  at  a 
fixed  rate  from  left  to  right  and  then  returned,  at  a  much  faster  rate 
from  right  to  left.  At  the  same  time,  the  beam  is  moved  downward 
for  the  next  line.  After  the  desired  number  of  horizontal  lines  has 
been  "painted"  on  the  screen,  the  electron  beam  must  return  rapidly 
from  the  bottom  of  the  screen  to  the  top.  The  magnetic  flux  lines  vary 
in  sawtooth  fashion,  both  for  the  horizontal  and  the  vertical  deflec¬ 
tion  coils.  The  magnetic  flux  generated  by  a  coil  is  a  direct  analog  of 
the  current  flowing  through  this  coil.  The  current  and  voltage 
through  an  inductance,  however,  are  not  identical.  Figure  2.4 b  illus¬ 
trates  the  relationships  between  current  and  voltage  through  a  pure 
inductance  and  (the  actual  case)  a  combination  of  resistance  and 
inductance.  The  voltage  waveform  becomes  particularly  significant 
when  we  consider  the  relevant  time  it  takes  the  electron  beam  to 
"paint"  a  line  and  to  fly  back  or  retrace. 


2.3  HORIZONTAL  AND  VERTICAL  SCANNING 

All  TV  games  depend  on  horizontal  and  vertical  scanning  character¬ 
istics  to  generate  the  display  and,  in  the  case  of  some  of  the  target 
games,  to  receive  information  back  from  this  display.  For  this  rea¬ 
son,  we  shall  discuss  this  important  topic  in  some  detail.  The  TV 
picture  actually  consists  of  a  dot  of  light  which  covers  the  entire 
screen  30  times  per  second.  A  complete  TV  picture,  monochrome  or 
color,  is  "painted"  in  one-thirtieth  of  a  second. 

Motion  picture  projectors  show  24  frames,  or  complete  pictures, 
each  second.  To  avoid  the  appearance  of  flicker,  the  motion  picture 
projector  contains  a  rotating  shutter  so  that  each  frame  is  actually 
flashed  on  the  screen  twice.  For  motion  picture  projection,  then,  48 
pictures  per  second  are  shown.  In  TV  systems  the  30  complete  frames 
per  second  are  also  broken  up  by  an  electronic  "shutter"  to  result  in 
60  "fields"  per  second. 

A  complete  TV  picture  consists  of  525  horizontal  lines.  To  avoid 
the  flicker  effect,  this  525-line  picture  or  frame  is  broken  into  two 
fields  of  262^2  lines.  One  field  will  scan  all  of  the  odd  lines,  1,  3,  5, 
etc.,  and  the  next  field  will  scan  all  of  the  even  lines,  2,  4,  6,  etc. 
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Figure  2.5  shows,  in  simplified  form,  how  this  interlaced  scanning 
pattern  is  generated.  The  vertical  deflection  current  must  repeat  at 
the  rate  of  60  times  per  second,  but  the  horizontal  deflection  fre¬ 
quency  is  15,750  Hz,  generating  a  total  of  525  lines  30  times  per 
second  or  262 ^2  lines  60  times  per  second.  As  illustrated  in  Fig.  2.5, 
the  odd  scanning  patterns  start  in  the  upper  left-hand  corner  while 
the  even  scanning  patterns  start  in  the  upper  center  of  the  screen.  It 
is  obvious  that  something  has  to  be  set  up  in  the  vertical  deflection 
system  to  assure  that  alternate  vertical  scanning  periods  start  a* 
different  points.  We  shall  see  in  Sec.  2.5  how  this  is  accomplished. 

While  the  total  number  of  lines  is  525,  not  all  of  these  lines  contain 
picture  information.  Between  7  and  8%  of  the  lines  are  used  up 
during  the  vertical  retrace  portion,  when  the  electron  beam  returns 
from  bottom  to  top.  In  addition,  some  of  the  top  and  bottom  ines  aie 
normally  blanked  out.  In  standard  commercial  TV  transmission  only 
483  to  490  scanning  lines  actually  carry  video  information. 

The  amount  of  video  information  contained  in  a  complete  rame 
determines  the  resolution  or  definition  of  the  picture.  A  picture  s  ow 
ing  the  very  maximum  resolution  would  consist  of  a  fine  chec  er- 
board  pattern,  with  each  square  being  the  width  and  heig  t  o  eac 
individual  line.  To  display  such  a  high-resolution  picture  would 
require  a  bandwidth  of  approximately  4  MHz,  as  indicated  in  Fig. 
2-2.  Most  commercial  TV  receivers  have  a  video  bandwidth  ot 
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approximately  3.2  to  3.8  MHz  but  are  usually  so  limited  in  focus  and 
alignment  that  most  fine  detail  is  missing.  Misadjustment  of  the 
vertical  synchronization  of  most  TV  receivers  has  accustomed  view¬ 
ers  to  accepting  a  picture  which  actually  consists  of  only  262%  lines, 
rather  than  a  full  525.  TV  games  do  not  require  fine  detail,  and  their 
synchronization  circuits  do  not  provide  the  necessary  shift  in  the 
vertical  synchronizing  pulse,  as  described  in  Sec.  2.5,  to  generate 
interlaced  pictures. 

In  commercial  TV  transmission  a  special  blanking  pulse  is  trans¬ 
mitted  during  the  retrace  period  to  cut  off  the  electron  beam  and 
thereby  eliminate  the  appearance  of  retrace  lines.  Horizontal  retrace 
lines  are  normally  invisible  because  of  the  close  spacing  between  the 
horizontal  lines,  but  during  the  vertical  retrace  period,  when  the 
electron  beam  moves  from  the  bottom  to  the  top  of  the  screen,  they 
are  visible  unless  they  are  blanked  out. 

Scanning  at  the  rate  of  15,750  Hz,  each  horizontal  period  lasts  63.5 
fx s.  About  10.5  fxs  of  this  is  blanked,  including  the  time  the  electron 
beam  returns  from  right  to  left  and  a  short  period  at  the  beginning 
and  end  of  each  horizontal  scan  to  assure  even  edges  on  the  picture. 
This  means  that  approximately  53  /as  of  actual  display  time  or  video 
information  is  available  in  each  horizontal  line.  This  also  means  that 
a  5-/xs-wide  pulse,  displayed  on  a  12-in-wide  (30  cm)  screen,  will 
result  in  a  iy4-in-wide  (3  cm)  bar.  As  discussed  in  Chap.  3,  the  time 
periods  involved  in  TV  displays  determine  much  of  the  electronic 
game  circuitry. 

Before  discussing  the  other  aspects  of  video  signals,  one  character¬ 
istic  unique  to  television  should  be  mentioned.  The  magnetic  energy 
built  up  in  a  deflection  coil  during  the  video  portion  must  be  sud¬ 
denly  reversed  to  return  the  beam  to  the  left.  This  results  in  a  very 
high  reverse  voltage  during  the  horizontal  flyback  period,  and  this 
flyback  pulse  is  used  to  generate  the  second  anode  voltage  for  the 
picture  tube.  A  special  transformer,  appropriately  called  the  flyback 
transformer,  provides  this  high  voltage.  Various  signals  required  for 
other  portions  of  the  TV  receiver  are  derived  from  this  flyback 
transformer  because  no  video  information  is  transmitted  during  the 
flyback  period.  Defects  in  the  horizontal  deflection  system,  particu¬ 
larly  the  high-voltage  flyback  transformer,  often  mask  other  prob¬ 
lems  which  may  affect  a  TV  game  display. 

2.4  MONOCHROME  VIDEO  SIGNALS 

A  normal  TV  picture  has  a  range  of  different  shades  of  grey,  from  a 
total  black,  when  the  screen  is  dark,  to  the  maximum  brightness,  or 
white.  Figure  2.6  illustrates  a  typical  video  signal  for  one  TV  picture 
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Figure  2.6  Video  signal  for  one  line. 


line.  Note  the  synchronizing  and  blanking  pulse  at  the  beginning  of 
each  line  and  the  various  levels  of  grey,  from  the  black  to  the  white 
levels.  The  blanking  pulse,  of  course,  goes  beyond  the  black  level  to 
make  sure  that  the  picture  tube  is  completely  cut  off  during  the 
flyback  period.  Neither  the  black  level  nor  the  white  level  of  the 
video  signal  should  exceed  the  linear  range  of  the  cathode-grid 
characteristics  of  the  picture  tube.  For  most  monochrome  picture 
tubes,  this  linear  range  is  approximately  60  V,  and  this  means  that 
the  video  signal  applied  between  cathode  and  grid  must  be  linear 
within  those  values.  Many  TV  games,  particularly  the  simpler  ones, 
operate  only  with  black-and  white  signals.  If  the  relative  ar*1P  du 
between  the  blanking  pulse  and  the  white  level  generated  in  a  TV 
game  are  incorrect,  the  resulting  TV  picture  cannot  repro  uce 

desired  game  pattern.  , 

The  frequency  response  of  the  TV  receiver  is  quite  a*\' 

even  for  the  simple  black-and-white  patterns  usually  provided  by  tv 
games.  A  bandwidth  of  at  least  60  Hz  to  3.5  MHz  is  require  o 
reproduce  both  low-frequency  and  high-frequency  componen  s 
the  TV  broadcast  signal.  To  assure  the  correct  frequency  respon  , 
the  IF  bandwidth  is  at  least  3.5  MHz,  and  the  video  amphher  section 
contains  high-  and  low-frequency  compensating  networ  s. 
cuits  enhance  the  response  at  the  high-frequency  en  ar) 
circuits  make  sure  that  the  response  at  the  low-frequency  eru. 
satisfactory.  Poor  low-frequency  response  is  often  caused 
tive  coupling  capacitors  and  is  made  apparent  in  a  j3,11?6  F 
display  by  a  whitish  smear  in  the  area  where  white  an  a  ,  . 
meet.  Poor  high-frequency  response  appears  as  oss  o  ine 
Typical  high-frequency  and  low-frequency  compensating  or 
shown  in  F’  >  2.7. 
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2.5  SYNCHRONIZATION 

The  importance  of  absolute  synchronization  between  the  transmitted 
and  the  received  picture,  both  for  vertical  and  horizontal  deflection, 
is  apparent  from  the  previous  discussion.  Commercial  TV  transmit¬ 
ters  send  out  a  standard  horizontal  and  vertical  synchronizing  (sync) 
pattern  which  is  detected  and  processed  at  the  TV  receiver.  Figure 
2.8 a  illustrates  the  vertical  sync  pulses.  Each  horizontal  sync  pulse  is 
a  4.5-/XS  pulse  placed  on  top  of  the  horizontal  blanking  pulse,  which 
was  discussed  in  the  previous  paragraph. 

During  the  vertical  retrace  period  the  horizontal  deflection  system 
must  remain  in  synchronism,  and  for  that  reason  horizontal  equaliz¬ 
ing  pulses  are  superimposed  on  the  vertical  blanking  period.  At  the 
TV  receiver,  the  vertical  and  horizontal  sync  pulses  must  be  sepa¬ 
rated.  This  is  done  by  passing  the  signal  through  an  integrating  and 
differentiating  network.  Figure  2.8 b  illustrates  the  output  of  the 
integrating  network  and  shows  how  the  vertical  sync  pulse  is 
obtained.  The  differentiated  voltage  shown  in  Fig.  2.8c  and  the 
horizontal  sweep  signal  derived  from  it  (Fig.  2.8d)  are  obtained  from 
an  RC  differentiating  network.  By  varying  the  number  of  equalizing 
and  horizontal  sync  pulses  during  the  vertical  blanking  period  from 
one  field  to  the  next,  interlaced  scanning  is  obtained.  For  TV  game 
patterns  where  interlaced  scanning  is  not  used,  each  vertical  blank- 
ing  signal  will  be  identical  to  the  previous  one. 

Figure  2.9  shows  typical  TV  receiver  sync  separator  circuits.  The 
important  criteria  in  these  circuits  are  the  R-C  time  constants  which 
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Figure  2.8  Vertical  and  horizontal  sync  pulses.  (Adapted  from  Buchs- 
baum,  Fundamentals  of  TV,  Hayden  Book  Company,  1970.) 
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Figure  2.9  Sync  separator  circuits. 
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determine  the  correct  response  for  the  60-Hz  or  the  15,750-Hz  signal 
respectively.  Vertical  deflection  circuits  operate  directly  from  the 
vertical  sync  signal  but  horizontal  deflection  circuits,  because  they 
operate  at  a  higher  speed,  depend  on  an  automatic  control  circuit 
This  circuit  compares  the  received  horizontal  sync  pulses  with  a 
horizontal  pulse  obtained  from  the  flyback  transformer  and  gener¬ 
ates  an  error  voltage  which  provides  the  automatic  control  to  the 
horizontal  deflection  oscillator.  The  horizontal  automatic  frequency 
control  (AFC)  is  one  of  the  critical  parts  of  a  TV  display,  and  defects 
in  this  circuit  can  often  lead  to  problems  which  may  be  blamed  on 
the  TV  game  itself. 

2.6  COLOR  PICTURE  TUBES 

The  color  TV  system  in  use  in  the  United  States  is  based  on  the 
fundamentals  of  colorimetry  and  the  characteristics  of  the  human 
eye.  In  brief,  we  are  able  to  integrate  different-colored  elements  into 
a  single  pattern.  We  can  see  a  combination  of  blue  and  red  dots  as 
purple,  for  example.  For  a  more  detailed  discussion  of  colorimetry 
and  the  so-called  tristimulus  system,  the  reader  is  referred  to  the 
many  excellent  texts  on  color  TV. 

All  color  TV  receivers  reproduce  the  color  picture  by  creating 
patterns  of  red,  green,  and  blue  (RGB)  dots  of  light  which  we  then 
perceive,  from  the  proper  viewing  distance,  as  “natural"  colors.  In 
TV  picture  tubes  transmitted  colors,  as  opposed  to  reflected  colors, 
are  used,  and  it  is  possible  to  obtain  yellow  from  a  combination  of 
green  and  red  light.  When  the  proper  intensity  or  brightness  levels  of 
red,  green,  and  blue  dots  are  generated,  we  see  white.  Depending  on 
the  overall  intensity  level  of  this  mixture  of  colors,  we  can  see  various 
shades  of  grey.  A  very  wide  range  of  colors  appearing  in  nature  can 
be  generated  by  the  three-color  TV  picture  tubes.  Whether  they  use  a 
single  electron  gun  or  three  separate  electron  guns,  all  of  these 
picture  tubes  generate  the  same  red,  green,  and  blue  "primary" 
colors. 

A  description  of  these  colors  in  terms  of  physics  and  mathematics 
is  beyond  the  scope  of  this  book,  but  the  RGB  color  system  can  also 
be  presented  in  terms  of  brightness,  hue,  and  saturation.  The  term 
brightness  indicates  the  intensity  of  the  light.  The  term  hue  (or  tint) 
refers  to  the  shade  or  dominant  color  as  it  appears  to  the  eye.  The 
term  saturation  refers  to  the  purity  or,  more  precisely,  to  the  amount 
of  other  colors  present.  White,  for  example,  has  zero  saturation,  and 
all  three  primary  colors  are  present.  A  pastel  pink  may  have  50% 
saturation.  Beige,  light  green,  sky  blue,  etc.,  are  pastel  colors,  with 
specified  amounts  of  saturation  of  their  primary  colors. 
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The  basic  elements  of  a  three-gun  color  picture  tube  are  shown  in 
Fig-  2.10.  As  the  name  implies,  it  contains  three  separate  electron 
guns,  each  with  its  own  filament,  cathode,  grid,  and  screen  grid 
located  on  the  inside  neck  of  the  color  picture  tube.  Each  electron  gun 
has  its  own  dc  (brightness)  and  video  signal  amplitude  (color  inten¬ 
sity)  control.  A  common  focus  element  varies  the  potential  between 
the  three  screen  grids,  the  focus  element,  and  the  second  anode, 
called  the  ultor  in  color  picture  tubes.  The  three  electron  guns  are 
aligned  within  the  glass  envelope  so  that  one  electron  beam  will 
strike  the  red  phosphor  dots  on  the  screen,  another  the  green,  and 
the  third  the  blue.  Many  of  the  older  color  picture  tubes  use  the  so- 
called  shadow  mask,  which  is,  effectively,  a  metal  screen  with  one 
hole  for  each  triad  of  individual  red,  green,  and  blue  phosphor  dots. 
When  the  green  and  blue  electron  guns  are  cut  off  and  the  red 
electron  gun  is  set  for  normal  brightness,  only  the  red  dots  should 
light  up  on  the  screen.  When  all  three  electron  guns  are  set  to  the 
correct  intensity,  the  screen  should  be  white. 

Section  2.7  deals  with  the  color  signals  required  to  generate  the 
color  picture,  but  the  essential  dc  voltages  can  be  seen  from  Fig.  2.10. 
The  second  anode  or  ultor  is  set  at  25  kV,  a  typical  voltage  for  almost 
all  types  of  color  TV  tubes.  Note  that  different  dc  potentials  are 
applied  to  the  red,  green,  and  blue  screens.  This  is  because  unequal 
amounts  of  intensity  of  the  RGB  primary  colors  are  required  to 
produce  white  or  grey.  With  the  screen  voltages  of  470  V  (red),  600  V 
(green),  and  430  V  (blue),  the  result  will  be  a  neutral,  grey  picture- 
tube  screen. 


^'9ure  2.10  Basic  three-gun  color  picture  tube.  (Adapted  from  Buchs 
baum,  Fundamentals  of  TV,  Hayden  Book  Company,  1970.) 
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Color  picture  tubes  using  three  electron  guns  are  available  either 
in  the  delta  system  or  in  the  in-line  system.  The  first,  the  delta 
system,  is  the  older  and  features  the  three  electron  guns  spaced  in  an 
equilateral  triangle  configuration,  just  like  the  three  phosphor  dots 
which  they  illuminate.  In  the  in-line  system  the  three  electron  guns 
are  located  on  a  single  line.  The  major  advantage  of  the  in-line 
system  is  the  relative  ease  of  alignment  of  the  three  electron  beams  so 
that  each  strikes  only  its  respective  color  dots.  There  is  also  a  differ¬ 
ence  in  the  shadow  mask.  In  the  delta  system  the  shadow  mask 
always  has  round  holes,  but  in  the  in-line  system  vertical  slots  or  a 
vertical  grid  are  often  used.  In-line  color  picture  tubes  sometimes 
feature  a  three-color  screen  consisting  of  vertical  RGB  stripes  instead 
of  the  triad  color  dot  pattern. 

To  make  sure  that  each  electron  beam  strikes  only  the  dots  or 
stripes  of  its  respective  color,  a  variety  of  adjustments  are  necessary. 
The  largest  number  of  adjustments  is  required  for  the  delta  system 
and  the  smallest  number  for  the  single-gun  color  tubes  discussed 
below.  Figure  2.11  illustrates  the  external  components  necessary  fora 
delta  system  color  picture  tube.  Mounted  directly  behind  the  deflec¬ 
tion  yoke  is  the  convergence  coil  and  magnet  assembly.  This  pro¬ 
vides  static  (dc)  and  dynamic  (ac)  adjustment  for  each  of  the  three 
beams  over  the  entire  screen.  If  you  have  ever  adjusted  a  color  TV  set 
using  a  delta  color  tube,  you  will  know  that  there  are  three  static 
adjustments  consisting  of  rotating  magnets  in  each  of  the  three 
convergence  coils.  In  addition  there  are  separate  dynamic  conver¬ 
gence  adjustments  for  vertical  and  horizontal,  tilt  and  magnitude,  for 


Screen 


Figure  2.11  External  components  for  delta  color  tube. 
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each  of  the  three  colors.  There  are  also  some  master  convergence 
adjustments,  all  mounted  on  a  panel  containing  as  many  as  12 
d i f feren t  ad ju s tmen  ts . 

The  purity  magnet  with  its  adjustment  tabs  affects  all  three  elec¬ 
tron  beams  but  is  usually  set  for  optimum  red  purity.  The  delta 
system  also  requires  a  so-called  blue  lateral  magnet,  a  separate  exter¬ 
nal  magnet  which  affects  primarily  the  electron  beam  from  the  blue 
gun  so  that  it  can  be  brought  in  line  with  the  red  and  green. 

With  in-line  three-gun  color  picture  tubes,  many  of  the  conver¬ 
gence  adjustments  described  above  are  eliminated.  There  is  no  lat¬ 
eral  blue  magnet,  and  the  convergence  adjustments  are  greatly  sim¬ 
plified.  Single-gun  color  picture  tubes,  such  as  the  SONY  Trinitron, 
avoid  most  of  the  problems  of  convergence  and  purity  altogether. 
These  picture  tubes  always  use  a  vertical-stripe  color  screen,  but  they 
require  an  additional  deflection  signal  (discussed  in  Sec.  2.7)  operat¬ 
ing  at  3.58  MHz,  the  color  subcarrier  frequency.  This  signal  is 
necessary  to  switch  the  electron  beam  between  the  red,  green,  and 
blue  strips  on  the  screen  in  synchronism  with  the  three  color  video 
signals.  Just  as  in  three-gun  color  picture  tubes,  the  single-gun 
picture  tube  must  reproduce  the  three  color  signals  virtually 
simultaneously. 

For  TV  games  which  feature  color,  the  type  of  picture  tube  used  is 
only  important  as  far  as  troubleshooting  and  alignment  are  con¬ 
cerned.  Manufacturers'  data  or  any  of  the  many  texts  on  color  TV 
servicing  should  be  consulted  for  these  tasks. 


2.7  COLOR  TV  SIGNALS 

As  discussed  at  the  beginning  of  this  chapter,  the  video  signal  is 
amplitude-modulated  on  the  carrier,  and  the  audio  signal  is  fre¬ 
quency-modulated  on  another  carrier,  4.5  MHz  above  the  video 
carrier.  These  parameters  must  remain  the  same  so  that  all  mono¬ 
chrome  receivers  are  able  to  receive  color  TV  signals  and  display 
them  in  monochrome.  To  transmit  the  additional  information 
required  for  color,  however,  it  was  decided  to  use  the  third  possible 
modulation  scheme,  phase  modulation,  and  a  special  color  subcar¬ 
rier  to  minimize  interference  to  monochrome  receivers. 

Theoretical  analysis  and  spectrum  analyzer  pictures  show  that  the 
monochrome  video  signal  is  not  a  continuous  band  of  frequencies 
but  rather  consists  of  bursts  of  energy  spaced  30  Hz  apart  and 
clustered  about  the  harmonics  of  15,750  Hz,  the  horizontal  scanning 
frequency.  A  simplified  spectrum  chart  is  shown  in  Fig.  2.12.  When 
color  TV  standards  were  established,  this  characteristic  was  utilized 
to  modulate  color  information  on  a  subcarrier  which  is  based  on  a 
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Figure  2.12  TV  signal  spectrum.  (Adapted  from  Buchsbaum,  Fundamen¬ 
tals  of  TV,  Hayden  Book  Company,  1970.) 


15,750-Hz  rate  but  designed  so  that  its  bands  of  energies  would  fall 
between  those  of  the  monochrome  signal.  The  dotted  bands  of 
energy  in  Fig.  2.12  are  due  to  the  color  signal.  This  process  is  called 
interleaving  and  permits  the  transmission  of  a  3.579545-MHz  color 
subcarrier  which  is  not  usually  visible  on  monochrome  receivers. 

Figure  2.13  shows  the  phase  relationship  in  vector  form  between 
the  key  portions  of  the  color  signal.  We  can  see  that  the  RGB  color 
difference  signals,  the  color  signals  with  their  brightness  compo¬ 
nents  Y  removed,  are  transmitted  as  a  change  in  phase  and  ampli¬ 
tude  from  the  reference  signal  burst.  This  reference  burst  consists  of 
8  cycles  of  the  unmodulated  color  subcarrier  transmitted  during  the 
horizontal  blanking  pedestal,  as  illustrated  in  Fig.  2.14.  In  actuality, 
two  different  signals,  the  1  and  Q  vectors  (shown  in  Fig.  2.13),  are 
detected  to  indicate  the  hue  and  saturation  of  the  color  signal. 
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Figure  2.13  Subcarrier  vector  diagram. 
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As  explained  at  the  beginning  of  Sec.  2.6,  the  red,  green,  and  blue 
color  signals  can  be  converted  into  their  brightness,  hue,  and  satura¬ 
tion  components.  This  is  done  according  to  the  following  formulas: 

Ey  =  0.30  Ered  +  0. 59  E  green  +  0.11Eblue 
Eq  0.21Ered  0. 52 E green  T  0.31Eb]ue 
Ej  =  0.60 Ered  -  0.28 E green  -  0.32Eblue 

The  brightness  component  is  transmitted  as  the  monochrome 
video  signal  Y,  and  the  hue  and  saturation  components  are  encoded 
on  the  color  subcarrier.  Because  the  fine  detail  of  the  color  picture  is 
provided  by  the  monochrome  video  signal  in  this  scheme,  the  hue 
and  saturation  information  contained  on  the  color  subcarrier  now 
requires  much  less  bandwidth. 

The  block  diagram  of  Fig.  2.15  shows  the  functions  of  the  color 
circuits  found  in  color  TV  receivers.  These  circuits  are  required  in 
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^•9ure  2.15  Color  circuit  function  block  diagram 
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addition  to  the  conventional  monochrome  functions  shown  in  Fig 
2.2.  From  the  brightness  amplifier  (the  video  amplifier  in  mono¬ 
chrome  sets)  video  signals  are  supplied  to  the  color  demodulator  and 
the  color  sync  section.  The  color  demodulator  consists  of  a  special 
amplifier  for  the  3.58-MHz  color  subcarrier,  which  is  then  phase- 
demodulated  by  a  color  reference  signal.  This  is  locally  generated 
but  phase-locked  to  the  color  reference  burst  described  above  and 
shown  in  Fig.  2.14.  After  the  color  subcarrier  is  demodulated,  the 
resulting  signals  are  matrixed  by  voltage  addition  and  subtraction 
and  amplified  to  provide  the  red,  green,  and  blue  color  difference 
signals,  which  are  then  used  to  drive  the  electron  guns  of  the  color 
picture  tube.  The  Y  or  brightness  signal  (the  monochrome  video 
signal)  is  usually  added  in  the  electron  guns.  In  some  systems  the 
color  difference  signals  and  the  brightness  signals  are  added  before 
they  reach  the  color  picture  tube.  The  key  element  is  that,  at  the  color 
picture  tube  itself,  the  three  separate  color  signals,  RGB,  must  be 
available  to  generate  the  color  patterns  on  the  screen. 


The  circuits  and  functions  described  in  this  chapter  provide  the 
display  for  all  types  of  electronic  games.  Coin-operated  games  con¬ 
nect  the  video  information  directly  to  the  picture  tube,  but  in  the  so- 
called  TV  games,  the  connection  is  made  through  one  of  the  unused 
television  channels.  The  special  requirements  for  this  type  of  game, 
including  the  parameters  which  need  FCC  approval,  are  taken  up 
first.  Then  this  chapter  covers  analog  and  digital  circuits  used  in 
sophisticated,  microprocessor-based  games.  Color  display  circuits 
and  special  effects  are  also  discussed.  Two  typical  display  circuits  are 
described,  and  a  section  on  troubleshooting  all  types  of  display 
circuits  completes  the  chapter. 

31  TV  GAME  BLOCK  DIAGRAM 

Figure  3.1  shows  the  fundamental  blocks  that  are  required  for  any 
type  of  electronic  game  intended  to  work  with  a  standard  TV  set.  The 
game  logic,  master  controls,  and  player  controls,  as  well  as  the 
display  circuits,  are  required  for  any  type  of  electronic  game.  In  order 
to  feed  the  antenna  terminals  of  the  TV  set,  the  video  signals  from  the 
electronic  game  must  appear  at  the  TV  set  in  the  same  form  as  those 
from  a  TV  station.  That  means  that  the  video  signals  must  be  modu- 
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lated  on  an  RF  carrier,  following  approximately  the  same  modulation 
standards  as  those  described  in  Chap.  2.  Typical  circuits  for  the  Rp 
generator  and  modulator  are  discussed  below. 

The  modulated  RF  signal  must  go  through  a  special  antenna 
switch  to  the  antenna  terminals  of  the  TV  set.  When  the  antenna 
switch  is  connected  to  the  TV  antenna,  the  signals  from  the  electronic 
game  should,  if  possible,  be  shut  off.  When  the  TV  game  is  con¬ 
nected  to  the  TV  set  through  the  antenna  switch,  there  must  be  at 
least  60  dB  isolation  between  the  signals  from  the  RF  generator  and 
modulator  and  the  TV  antenna.  This  isolation  is  necessary  to  avoid 
radiating  some  of  the  signals  generated  in  the  TV  game  over  the 
antenna  and  thereby  causing  interference  with  other  TV  receivers. 
TV  games  require  FCC  approval,  and  the  main  concern  of  the  FCC  is 
the  possibility  of  interference  originating  in  the  electronic  game. 
Even  a  1-mV  signal  applied  to  the  TV  receiver  can  rad  iate  an  interfer¬ 
ence  signal  which  can  be  picked  up  by  neighboring  TV  antennas.  For 
that  reason,  the  60  dB  isolation  between  the  RF  signal  path  from  the 
RF  generator  and  modulator  contained  in  the  game  and  the  TV 
antenna  is  absolutely  essential. 

Another  important  characteristic  which  FCC  approval  is  intended 
to  assure  is  the  output  amplitude  of  the  RF  generator  and  modulator. 
If  several  volts  of  RF  were  available  from  that  point,  even  the  60  dB 
isolation  of  the  antenna  switch  might  be  insufficient  to  avoid  inter- 


Figure  3.1  TV  game  block  diagram. 
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Figure  3.2  RF  interface  for  TV  games. 


ference.  Most  TV  game  manufacturers  limit  the  output  of  the  RF 
generator  and  modulator  to  less  than  500  /u,V. 

Before  describing  actual  circuitry,  let's  look  at  Fig.  3.2,  which 
shows  the  basic  functions  of  the  block  marked  "RF  generator  and 
modulator"  in  Fig.  3.1.  The  RF  oscillator  in  Fig.  3.2  is  a  single¬ 
transistor  oscillator  which  may  operate  at  either  channel  3  or  channel 
4  (selectable  by  a  switch),  depending  on  the  location  of  the  viewer. 
Some  games  provide  a  choice  between  channels  2  and  3.  The  sine- 
wave  RF  signal  from  the  oscillator  goes  to  the  modulator,  where  the 
vertical  and  horizontal  synchronization  signals  are  combined  with 
the  video  signals  and  amplitude-modulate  the  RF.  The  modulated 
signal  is  then  passed  through  an  output  filter  which  limits  the  output 
to  the  desired  TV  channel  frequency  band.  In  more  sophisticated  TV 
games,  the  color  subcarrier  and  the  audio  carrier  are  also  combined 
in  the  modulator  section. 

A  typical  circuit  for  an  RF  oscillator-modulator  and  output  filter  is 
shown  in  Fig.  3.3.  Transistor  Qx  is  the  oscillator  for  channel  3  or 
channel  4.  For  channel  4,  the  higher  frequency,  the  resonant  circuit 
consists  of  the  adjustable  coil  L\  and  capacitoi  C  i,  going  rom 
collector  to  the  emitter.  When  Sx  is  closed,  capacitors  C3  and  C3  are 
connected  across  Cx.  This  will  lower  the  frequency  of  t  e 
close  to  the  desired  channel  3.  The  trimmer  capacitor  3 


precise  adjustment  of  the  oscillator  for  channel  3.  ,  • 

While  some  TV  games  use  diode  modulators,  appiying 

Flg.  3.3  modulates  the  RF  oscillator's  amplitude  direc  Jhy  v[de* 
Tie  combined  video  signal  across  the  emitter  rests  or  s  ^j^^ing 
hiSnal  and  the  vertical  and  horizontal  synchionizing  c  ^  the 
Portions  are  obtained  from  the  integrated  0f  transistor 

L  isplay  portion.  These  signals  are  combine  a  emitter  of  the  RF 
Q-  which  acts  as  emitter-follower,  to  drive  the  em.tter 
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oscillator  Q,.  The  output  filter  is  comprised  of  L2  and  C4  and  is,  in 
effect,  a  low-pass  filter.  It  eliminates  the  higher  harmonics  of  the 
oscillator.  Because  the  modulator  in  this  circuit  varies  the  RF  oscilla¬ 
tor  amplitude  directly,  fewer  harmonics  are  generated.  In  diode 
modulators,  the  generation  of  harmonics  can  be  much  more  of  a 
problem,  and  the  output  filters  for  those  circuits  are  generally  more 
complex. 

The  problem  of  interference  is  usually  attacked  by  a  combination 
of  shielding,  grounding,  and  filtering.  Most  of  the  antenna  switches 
are  shielded,  and  most  of  the  RF  generator  and  modulator  sections  of 
electronic  games  are  also  shielded,  with  all  of  the  shielding  con¬ 
nected  to  a  common  ground.  Some  TV  game  manufacturers  have 
included  the  power  switch  for  the  TV  game  in  the  antenna  switching 
box.  This  means  that,  when  the  switch  is  closed  to  connect  the  TV 
antenna  to  the  TV  set,  the  electronic  game  power  is  automatically 
shut  off.  This  approach  eliminates  the  possibility  of  interference 
when  the  viewer  is  watching  a  local  channel,  but  it  does  not  elimi¬ 
nate  the  possibility  of  interference  with  other  TV  sets  when  the 
viewer  is  using  an  electronic  game.  As  previously  explained,  it  is 
necessary  to  limit  the  output  of  the  RF  oscillator  section  to  less  than 
500  fiV .  It  is  also  necessary  that  the  RF  isolation  between  switch 
contacts  exceed  60  dB.  Some  leakage  will  occur  on  account  of  the 
chassis  mounting,  the  proximity  of  components,  etc.  Needless  to 
say,  the  RF  connection  from  the  modulator  output  filter  to  the 
antenna  switch  should  be  a  well-grounded  coaxial  cable.  In  order  to 
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K  C  acceptance,  screen-room  measurements  at  all  TV  frequen¬ 
cies  may  be  required  to  assure  that  all  radiation  is  within  the  speci¬ 
fied  limits.  v 


3.2  DISPLAY  CIRCUITS  FOR  FIXED  PATTERNS 

We  will  approach  the  generation  of  displays  in  a  gradual  way  First 
we  will  see  how  fixed  patterns,  such  as  the  borders  of  a  playing  field, 
are  generated,  and  then  we  will  discuss  how  moving  patterns  are 
obtained.  The  two  basic  approaches  to  display  generation  are  the 
analog  method  and  the  digital  method.  Many  of  the  simpler  elec¬ 
tronic  games  use  the  analog  method,  while  almost  all  of  the  micro- 
processor-based  games  use  the  digital  method.  For  purposes  of 
explanation,. however,  the  analog  method  gives  us  a  better  insight 
into  the  principles  of  display  circuits. 


Analog  Method 

We  know  from  Chap.  2  that  the  horizontal  sweep  circuits  operate  at 
15,750  FIz  and  that  this  means  an  approximate  horizontal  sweep  time 
of  64  fts.  As  illustrated  in  Fig.  3.4,  the  period  between  successive 
horizontal  blanking  and  synchronizing  pulses  is  64  ns.  In  actual 
broadcast  TV,  this  time  period  is  slightly  longer,  but  for  TV  games  64 
/xs  is  a  convenient  time  frame.  Six  /xs  of  the  horizontal  period  is  not 
used  for  video  information  because  that  is  the  time  it  takes  for  the 
electron  beam  to  "fly  back"  from  the  right  to  the  left  side  of  the 
screen.  This  interval  is  known  as  the  horizontal  blanking  period. 

In  Fig.  3.4  we  have  shown  how  a  vertical  line  on  the  screen  can  be 
generated  by  the  use  of  2  one-shot  multivibrators  with  a  differentiat¬ 
ing  network  between  them.  At  the  input  to  the  first  one-shot,  point 
1,  the  horizontal  sync  or  blanking  signal  is  applied  to  trigger  the  one- 
shot.  The  duration  of  the  pulse  generated  by  this  multivibrator  is 
determined  by  potentiometer  A.  As  illustrated  by  the  waveforms  of 
Fig.  3.4,  this  results  in  a  rectangular  signal  having  a  duration  A. 
When  this  signal,  appearing  at  point  2,  is  passed  through  the  differ¬ 
entiator,  it  looks  like  the  signal  shown  at  point  3.  At  the  rising  edge 
of  the  pulse,  the  differentiated  signal  goes  positive,  and  at  the  falling 
edge  it  goes  negative.  The  second  one-shot  is  driven  by  this  signal 
and  is  arranged  so  that  it  fires  on  a  negative-going  pulse.  Potentiom- 
eter  B  determines  the  width  of  the  pulse  generated  by  this  one-shot. 
The  output  of  the  second  one-shot  is  shown  at  4. 

To  generate  a  complete  video  signal  for  one  line,  the  horizontal 
syoc  and  blanking  signal  appearing  at  1  must  be  combined  with  the 
video  signal  appearing  at  4,  and  this  is  done  through  a  simple 
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amplifier  with  the  resulting  waveform  shown  at  '*  Note  that  ||U. 
horizontal  blanking  pulse  is  a  positive  going  pulse  while  the  video 
signal  is  a  negative-going  pulse  1  he  distance  between  the  hoi  i/nnt,i| 
blanking  pulse  and  the  start  of  the  video  pulse  is  determined  hy 
potentiometer  A  and  the  width  of  this  video  signal  is  determined  hy 
potentiometer  B. 
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Figure  3.5  Rectangular  dot  generator. 

Therefore,  with  the  proper  polarities  arranged  in  the  TV  set,  a 
vertical  line  will  appear  with  a  width  B  at  a  distance  A  from  the  left 
side.  Every  horizontal  line  will  go  “white"  at  the  same  point,  and 
this,  of  course,  results  in  a  white  vertical  stripe.  Additional  white 
vertical  stripes  can  be  generated  either  by  providing  additional  one- 
shots  or  by  arranging  for  the  first  one-shot  to  be  triggered  from  the 
output  of  the  second  one-shot  as  well.  Another  method  would  be  to 
have  each  one-shot  arranged  as  a  fixed-period  multivibrator,  operat¬ 
ing  at  a  multiple  of  the  horizontal  synchronizing  and  blanking  pulse 
and  locked  to  this  pulse.  Some  of  the  pattern  generators  used  for 
aligning  color  TV  sets  operate  in  this  manner. 

Vertical  lines  are  generated  by  triggering  multivibrators  from  the 
horizontal  synchronizing  signal.  Similarly,  horizontal  lines  can  be 
generated  by  triggering  one-shots  from  the  vertical  synchronizing 
and  blanking  signal  as  illustrated  in  Fig.  3.5.  Here  you  see  the  same 
kind  of  setup  as  shown  in  Fig.  3.4,  triggered  by  the  vertical  sync  and 
having  two  potentiometers,  C  and  D.  This  results  in  an  output  at 
point  2  (Fig  3.5),  which  contains  a  video  pulse  located  C  /as  away 
from  the  top  of  the  picture  and  D  /as  wide.  The  vertical  frequency  is 
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60  Hz,  which  means  that  the  period  between  vertical  pulses  ' 
approximately  16.6  ms.  Again,  a  number  of  variations  of  the  circuit 
can  be  used  to  generate  a  number  of  horizontal  stripes. 

If  we  wish  to  generate  a  rectangular  dot,  such  as  the  one  used  to 
indicate  the  paddle  in  a  TV  ping-pong  game,  we  can  combine  a 
horizontal-stripe  generator  and  a  vertical-stripe  generator  as  iHUs. 
trated  in  Fig.  3.5.  The  same  circuit,  depending  on  the  setting  of  the 
potentiometers,  can,  of  course,  also  generate  a  square  dot.  The 
combination  of  the  horizontal-stripe  generator  (triggered  by  the 
vertical  sync)  and  the  vertical-stripe  generator  (triggered  by  the 
horizontal  sync)  only  requires  an  AND  gate,  which  allows  the  hori¬ 
zontal  sync  to  enter  only  when  the  horizontal  stripe  is  being  gener¬ 
ated.  It  is  possible  to  build  a  complete  game  of  tennis,  hockey, 
squash,  etc.,  out  of  a  one-shot  assembly  of  horizontal-  and  vertical- 
stripe  generators.  In  actual  TV  games,  as  we  shall  see  in  Chaps.  10 

and  11,  many  simplifications  and  component-saving  circuits  are 
possible. 

Digital  Method 

In  the  digital  method,  the  same  displays  are  generated,  but  instead  of 
being  based  on  the  duration  of  one-shot  multivibrators,  adjustable 
by  potentiometers,  these  displays  are  based  on  digital  counters. 
Again,  a  single  horizontal  line  requires  64  /as  including  the  retrace.  If 
a  2-MHz  clock  is  used,  it  will  generate  0.5-/zs  pulses.  If  these  pulses 
are  fed  into  a  digital  counter  or  divider  which  can  count  up  to  128,  it 
is  possible  to  define  128  dots  in  each  horizontal  line.  In  actual 
practice,  of  course,  we  have  to  account  for  the  6- /as  retrace  time, 
which  means  that  twelve  fa-fAs  pulses  less  are  available. 

We  know  that  there  are  262 1/2  lines  in  every  field  and  that  there  are 
60  fields  per  second.  This  means  that  for  a  2-MHz  clock,  a  total  of 

33,536  clock  pulses  occur  for  every  TV  field.  If  we  had  a  digital 
arrangement  that  would  permit  us  to  determine  which  of  these 

33,536  clock  pulses  would  appear  as  a  bright  dot  on  the  screen,  any 
pattern  could  be  displayed  simply  by  gating  the  desired  clock  pulses 
through  a  video  amplifier,  which  would  then  produce  a  bright  spot 
at  that  time.  While  this  may  sound  very  complex,  digital  counters  are 
important  elements  of  microprocessor-produced  TV  displays. 

The  key  digital  logic  block  in  all  digital  display  systems  is  the 

decoder-  This  lo8ic  function  can  select  any  of  the 

33,536  clock  pulses,  and  a  simplified  explanation  of  how  it  works  is 

con  aine  in  Fig.  3 .6a  and  b.  The  four  flip-flop  stages  shown  at  the 

«P  o  ig.  3.6a  represent  a  simple  binary  counter  or  divider.  Each 
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tUp-llop  divides  the  input  signal  by  2.  Figure  3.6b  shows  that  ih 
ire  wave  applied  at  point  A  is  twice  Hip  fm,  mat  the 

dJ, ration  of  that  at  point  B,  the  output  of  the  firetTp^p"^  Mf  'he 
that  of  the  second  flip-flop  C,  and  so  on.  While  only  the  bask'd  "T 
connections  are  shown  in  Fig.  3.6a,  actual  dividers  or  count  " 
include  additional  gates  for  isolation,  reset  etc  c°unters 

Only  a  simplified  portion  of  the  logic  is  shown  as  the  programma 
ble  part  ot  the  decoder  in  Fig.  3.6« .  At  the  output  OR  gate,  only  those 
signals  can  appear  which  have  been  enabled  by  the  control  inputs  ! 
2,  3,  4.  and  5,  as  illustrated  in  the  examples  of  Fig.  3.6 b.  If  only  A  and 
C  are  enabled,  double  pulses  at  the  original  frequency  will  appear  for 
each  positive-going  C  portion.  When  A,  B,  and  C  are  combined  the 
result  is  a  single-pulse  output  at  the  C  frequency  because  the  nega 
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tive-going  portion  of  the  8  signal  eliminates  (ho  second  .  l  p((U^  W, 
can  see  from  these  examples  that  by  proper  application  of  the  cnuiio 
signals  1,  2,  3,  4,  and  5,  any  combination  ol  outputs  In  pussIM,.  j ,, 
typical  10-bit  programmable  decoder  the  logic  is  much  more  cmnpU 
and  extensive,  but  the  basic  elements,  a  binary  divider  and  ,i  „ei  U| 
logic  gates  to  control  the  output  of  this  divider,  are  always  Hie  Name 
All  of  the  functional  blocks  required  for  digital  monochrome  vidn 
signal  generation  are  illustrated  in  big.  3.7.  Assuming  a  2.0  Mil/ 
crystal-controlled  clock,  we  can  see  that  the  divide-by  ’ \2H  count.-, 
generates  the  video  detail  on  a  per  line  basis.  The  output  of  this 
divider  is  the  horizontal  synchronizing  frequency,  and  lh.il  j;, 
applied  to  the  divide-by-262  counter,  which  determines  on  which 
lines  the  video  signal  will  appear.  We  have  shown  the  outputs  of  ihc 
divide-by-128  counter  to  be  from  2  to  128.  In  most  simple  TV  games 
the  fine  detail  is  limited,  and  that  means  that  0.5-/xs  pulses  are  not 
lequired.  If  1.0-/xs  pulses  are  required,  the  smallest  output  into  the 
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Figure  3.6b  Output  waveforms  for  Fig.  3.6a 
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Figure  3.7  Digital  video  generator  (monochrome). 

The  block  marked  “Logic"  in  Fig.  3.7  will  contain  a  large  number 
of  gating  circuits,  but  the  input  marked  “Display  control"  does  not 
have  to  have  as  many  lines  as  might  be  expected  from  the  illustrative 
example  of  Fig.  3.6.  If  1.0-/xs  detail  is  displayed,  you  may  think  we 
need  64  display  control  lines  to  select  the  spots  where  we  want  to 
brighten  the  screen.  Fortunately,  64,  a  binary  number,  can  be 
expressed  by  six  control  lines.  When  we  use  six  control  lines  to  select 
any  of  64  output  pulses,  we  utilize  the  same  binaiy  logic  principles  as 
in  the  binary  counter  or  divider.  In  a  similar  way,  only  eight  control 
lines  are  required  to  determine  the  vertical  location  in  terms  of  2ot> 
horizontal  lines.  The  digital  video  output  will  be  a  single  line,  with 
all  of  the  various  logic  outputs  summed  up  into  the  tinal  video  signal. 

Two  special  logic  circuits,  not  affected  by  the  display  control,  are 
also  contained  in  the  logic  block.  One  of  these  provides  the  horizon- 
tal  sync  and  blanking  signal,  while  the  other  provides  the  vertica 
sync  and  blanking  signal.  Both  of  these  signals  are  obtained  n 
taking  the  output  of  the  128-  and  the  262-dividers,  respectively,  anc 
'-nmbining  them  with  the  appropriate  pulse-width  signa  s. 

Although  the  logic  block  in  Fig.  3.7  appears  quite  complex  mod- 
!m  large-scale  integration  (LSI)  techn.ques  pemr.t  all  of  i t  to  be 
c°ntained  on  a  single  1C.  In  some  of  the  TV  games  oven  more 

sinCliltry' not  part  of  the  video  disPIay  generation' 1S  con  aine  L 
single  1C. 

know  ^  We  have  considered  only  monochrome  d,*P^£'  3  579- 

ChaP-  2  that-  in  order  to  8enera,C  C“'°  f '  ' duJed  in  the 

<,WUb<mier  mUS'  be  Phase-mod^aMHrcrystal-controIled 

^  muted  signal.  For  TV  games  a  3.58-mm: z  TV 

In  Fig.  3.8.  is  used  a„  of  .he 

As  mentioned  above,  a  single  IC  usual  \ 
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Video  Vert,  sync 


Figure  3.8  Digital  video  generator  (color). 

circuitry  shown  in  Fig.  3.8.  Note  that,  because  the  clock  frequency  is 
3.58  MHz  instead  of  2.0  MHz,  the  clock  signal  is  divided  by  227.5  to 
get  the  horizontal  scanning  frequencies.  To  maintain  the  precision 
required  for  color  TV,  the  vertical  divider  is  also  more  precise  and 
goes  to  262.5.  The  logic  and  display  control  circuitry  is  essentially  the 
same  as  for  monochrome,  but  two  additional  components  are 
required  for  color  TV,  the  phase  modulator  and  the  color  burst  gate. 
We  know  from  Chap.  2  that  the  color  reference  signal  must  be 
supplied  to  the  TV  receiver  as  an  8-cycle  burst,  superimposed  on  the 
horizontal  blanking  pulse.  This  is  done  in  the  burst  gate  by  using  the 
horizontal  sync  and  blanking  pulse  of  Fig.  3.8.  The  modulated  color 
subcarrier  receives  its  color  information  from  the  line  marked  "Color 
Control,"  which  determines  the  phase  of  the  3.58-MHz  reference. 
Most  electronic  games  use  a  limited  number  of  colors,  and  that 
means  an  arrangement  of  fixed-phase  angles.  More  details  on  color 
phase  modulation  for  TV  games  appear  later  in  this  chapter. 


3.3  DISPLAY  CIRCUITS  FOR  MOVING  PATTERNS 

In  many  respects  the  motion  seen  in  TV  games  is  similar  to  that  used 
in  the  animated  cartoons  we  are  familiar  with  from  the  movies.  A 
°  iffer^nt  pictures,  each  having  the  same  stationary  back- 
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ground,  but  with  the  moving  figure  slightly  displaced,  gives  the 
appearance  ot  smooth  motion  when  projected  rapidly  The  onlv 
difference  between  the  jerky  motion  of  early  movies  and  the  smooth 
motion  to  which  we  are  now  accustomed  stems  from  the  number  of 
individual  changes  that  appear  during  a  particular  time  frame.  The 
same  principle,  sequential  images  which  are  only  slightly  displaced 
applies  to  the  moving  patterns  in  electronic  games.  Again,  two 
different  methods,  analog  and  digital,  are  used. 


Analog  Method 

To  move  the  dot  generated  in  Fig.  3.5  from  left  to  right  across  the 
screen,  all  we  need  to  do  is  vary  the  potentiometer  A  which  deter¬ 
mines  the  distance  from  the  left  side  of  the  screen.  If  we  want  to 
move  the  dot  from  the  top  to  the  bottom  of  the  screen,  we  only  have 
to  vary  potentiometer  C.  If  we  now  want  to  move  the  dot  from  the 
upper  left-hand  comer  diagonally  across  the  screen  to  the  lower 
right-hand  comer,  we  will  have  to  move  potentiometers  C  and  A 
simultaneously. 

In  electronic  games  this  motion  is  accomplished  by  providing  a 
varying  voltage  in  place  of  the  potentiometers  A  and  C.  Figure  3.9a 
shows  the  voltage  applied  at  potentiometer  A  (Fig.  3.5),  which 
provides  the  motion  from  left  to  right  and  from  right  to  left.  Note  that 
the  time  duration  is  10  s.  If  this  voltage  is  applied  in  place  of 
potentiometer  A,  we  would  expect  the  dot,  the  ball  in  a  game  of 
ping-pong  or  tennis,  to  move  smoothly  from  left  to  right  in  10  s  and 
back  from  right  to  left  in  the  following  10  s. 

In  Fig.  3.9 b,  we  have  shown  another  triangular  voltage,  again 
consisting  of  two  segments  of  10  s  each.  This  voltage  is  applied 
instead  of  potentiometer  C  of  Fig.  3.5  and  provides  vertical  motion. 

time  periods  of  the  voltages  applied  at  A  and  C  ot  Fig.  3.5  must 
be  the  same  if  we  expect  the  "ball"  to  travel  in  a  diagonal  line. 

If  the  relative  voltage  between  the  triangular  waveforms  shov\  n  m 
%  3.9a  and  b  were  different,  the  ball  would  not  travel  completely 
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diagonally  but  would  have  more  or  less  motion  in  either  the  horizon 
tal  or  the  vertical  direction.  If  the  up-down  motion  would  last  only  5 
s,  the  ball  would  travel  in  a  diagonal  direction  for  the  first  5  s  and 
then  would  continue  to  travel  directly  horizontally  for  the  next  5s.  if 
on  the  other  hand,  the  up-down  motion  waveform  were  not  a 
straight  line  but  a  curve,  the  trajectory  of  the  ball  would  also  be 
curved.  Depending  on  the  waveforms  used  for  the  left-right  and  the 
up-down  motion,  complex  trajectories  can  be  provided  for  the  ball 
The  game  logic  can  be  designed  for  different  angles,  that  is,  a 
different  ratio  of  left-right  and  up-down  motions,  according  to  the 
location  where  the  ball  strikes  the  paddle.  To  further  complicate  the 
game,  this  ratio  between  the  two  triangular  waves  can  be  varied  at 
random.  A  toggle  switch  at  the  game  controls  usually  determines 
whether  to  speed  up  or  slow  down  the  motion  by  changing  the  10-s 
duration  of  Fig.  3.9  to  any  desired  number.  Wherever  analog  motion 
is  used,  the  waveforms  generating  this  motion  will  be  analogous  to 
the  motion  itself. 

Digital  Method 

In  the  digital  method  of  displaying  fixed  pattern,  the  location  of 
objects  is  determined  by  the  instant  in  time  at  which  pulses  are 
selected  by  the  display  control.  This  implies  that  any  changes  in 
location  are  determined  by  changing  the  display  control  signals.  The 
detailed  digital  technique  depends  on  the  microprocessor  or  on 
specialized  logic  circuits,  but  in  each  type  of  system  motion  is 
generated  by  sequentially  changing  the  location  coordinates  of  the 
object  to  be  moved.  In  the  digital  method  the  rate  at  which  the 
location  coordinates  are  changed  determines  the  speed  of  the  object's 
motion.  Since  60  separate  fields  are  displayed  each  second,  all  digital 
motion-generating  sections  operate  at  some  submultiple  of  the  60-Hz 
vertical  sync  signal. 

To  produce  the  same  motion  as  described  above  for  the  analog 
method  by  digital  means,  we  have  to  decide  in  how  many  steps  we 
should  move  the  ball  from  the  upper  left-hand  corner  to  the  lower 
right-hand  comer  within  10  s.  If  we  were  to  move  it  in  600  steps,  one 
step  for  each  60-Hz  field,  we  would  have  to  provide  600  horizontal 
and  600  vertical  changes  in  coordinates.  This  is  an  obvious  impossi¬ 
bility  since  we  have  only  128  horizontal  steps,  based  on  a  2.0-MHz 
clock,  and  only  262  vertical  steps,  one  per  horizontal  line.  Allowing 
for  a  6-/rs  retrace  time,  we  only  have  116  0.5-//.S  steps  of  locations  in 
the  horizontal  direction.  If  we  change  location  in  0.5-/US  steps,  one 
step  each  100  ms,  we  will  have  moved  the  ball  across  a  50-^is  distance 


Video  Effects  43 


from  left  to  right  in  10  s.  This  does  not  cover  the  entire  58-fj.s 
horizontal  width  of  this  screen,  but  it  is  sufficiently  close  to  present 
an  acceptable  picture. 

Referring  back  to  Fig.  3 ..7,  we  have  seen  that  the  number  of  vertical 
lines  that  are  active  ranges  from  40  to  234.  For  purposes  of  simplifica¬ 
tion  we  can  assume  that  200  lines  are  active.  To  traverse  that  distance 
in  10  s  means  that  we  can  change  from  one  horizontal  line  to  the  next 
every  50  ms.  If  we  now  look  at  the  overall  motion,  we  see  that  the  ball 
moves  in  a  diagonal  direction  but  appears  to  have  a  smoother  move¬ 
ment  vertically,  one  change  every  50  ms,  than  it  has  horizontally,  one 
change  every  100  ms.  Fortunately,  at  this  speed  the  human  eye 
integrates  subsequent  impressions  sufficiently  well  so  that  the 
motion  will  appear  relatively  smooth.  If  we  moved  the  ball  across  the 
screen  in  100  s  by  the  same  digital  method,  the  ball  would  appear  to 
jump  in  short  steps  from  left  to  right,  top  to  bottom. 

We  have  seen  how,  in  the  analog  method,  trajectories  other  than 
straight  lines  or  combinations  of  trajectories  can  be  generated.  The 
same  trajectories  can,  of  course,  also  be  generated  by  the  digital 
method,  which  merely  requires  a  variation  in  the  rate  of  change  or 
incrementation  of  the  display  control  data.  As  explained  in  subse¬ 
quent  chapters,  for  microprocessor  games  specific  logic  sections  or 
program  portions  are  designed  to  provide  this  kind  of  motion. 

3.4  COLOR  DISPLAY  CIRCUITS 

We  know  from  Chap.  2  that  the  color  information  is  transmitted  by 
phase  and  amplitude  modulation  of  the  3.579-MHz  color  subcarrier. 
Earlier  in  this  chapter  we  have  seen  that  the  3.579-MHz  crystal 
provides  the  basic  clock  for  the  digital-display  generating  circuits  in 
color  TV  games.  At  that  time  we  mentioned  two  special  functions 
essential  for  adding  color  to  TV  games.  One  of  these  was  the  color 
phase  modulator,  and  the  other  was  the  color  reference  burst  circuit. 
The  color  reference  burst  is  simply  8  or  10  cycles  of  the  color  reference 
frequency,  gated  and  superimposed  on  the  blanking  pedestal  of  each 
orizontal  blanking  pulse,  as  explained  in  Chap.  2.  This  function  is 
usually  contained  in  one  of  the  display  ICs. 

The  second  circuit,  the  color  phase  modulator,  deserves  more 
lscussion.  As  we  know  from  Chap.  2,  the  phase  angle  and  the 

th!e^^U^e  co^or  subcarrier  determine  the  hue  and  saturation  of 

6  Co^or  0n  the  screen.  For  broadcast  color  TV  pictures,  the  phase 
bea  6  an^  amP^tuc*es  are  constantly  changing  as  the  three  electron 
ord^S  SWeeP  across  the  screen  of  the  color  picture  tube.  TV  games 
,r|arily  use  only  a  few,  fixed  colors.  As  a  typical  example,  the 
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background  of  a  playing  field  may  be  green,  the  ball  may  be  white 
and  the  respective  paddles  may  be  red  or  blue.  In  some  of  the  games' 
such  as  horse  racing  and  tank  battles,  different  players  are  assigned 
different  colors.  The  full  gamut  of  colors  as  used  in  TV  broadcasting 
is  not  required  in  any  of  the  electronic  games.  Therefore  it  is  possible 

to  piovide  certain  fixed  colors  by  selecting  a  limited  number  of  phase 
angles  and  amplitudes. 

Figure  3.10  illustrates  the  key  elements  of  color  display  circuits. 
The  simplest  way  of  shifting  phase  is  by  means  of  an  RC  network, 
illustrated  in  Fig.  3.10a,  which  can  provide  up  to  90°  of  phase  shift. 
By  changing  the  relative  values  of  R  and  C,  less  than  90°  of  phase 
shift  can  be  obtained.  A  single-stage  amplifier  normally  shifts  the 
phase  by  180°  between  input  and  output.  An  amplifier  with  feed¬ 
back,  such  as  the  operational  amplifiers  available  in  ICs,  can  provide 
different  degrees  of  phase  shift,  depending  on  its  feedback  network. 
In  the  circuit  of  Fig.  3.10h,  we  illustrate  a  portion  of  a  commercially 
available  IC,  the  General  Instrument  Co.  AY-3-8500,  which  provides 
the  phase  angles  necessary  for  most  TV  games.  The  3.579-MFlz  signal 
connected  to  the  first  amplifier  corresponds  to  cyan.  This  correspon¬ 
dence  is  based  on  tapping  the  reference  signal  at  the  output  of  the 
second  stage,  corresponding  to  yellow.  In  the  color-converter  section 
of  the  color  display  IC,  the  voltages  corresponding  to  the  colors  cyan, 
green,  yellow,  orange,  red,  magenta,  and  blue  are  gated  through 
according  to  the  color  of  the  objects  assigned  to  various  players.  For  a 


C 


phase  shifter.  C  phase  9enerator-  (a)  R-C  phase  shifter;  (6)  typical  I C 
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durerent  game,  it  is  only  necessary  to  tap  the  subcarrier  reference 

sl&na  at  a  d'ttie.ien!  p°imt'  and  an  entirely  different  set  of  colors  will 
now  be  available.  As  the  viewer  switches  to  a  different  game  differ¬ 
ent  colors  are  automatically  assigned  to  different  objects 

In  order  to  display  the  correct  color,  the  control  logic  or  micropro¬ 
cessor  must  gate  the  respective  3.579-MHz  phase  signal  onto  the 
composite  video  signal  during  the  time  the  particular  object  is  being 
displayed.  ICs  are  available  in  which  this  function  is  performed 
automatically.  In  broadcast  TV  the  color  information  (hue  and  satura¬ 
tion)  is  transmitted  over  the  color  subcarrier.  The  brightness,  or 
luminance,  information,  however,  is  transmitted  as  part  of  the 
monochrome  signal.  In  TV  games  a  monochrome  signal  must  also  be 
generated,  and  this  corresponds,  as  in  broadcast  TV,  to  the  bright¬ 
ness  signal  used  for  monochrome  games.  It  is  important  that  the 
luminance  signal  have  the  correct  amplitude  to  assure  that  the  colors 


will  not  appear  excessively  bright.  Excessive  brightness  on  mono¬ 
chrome  or  color  TV  could  damage  the  picture  tubes  because  game 
objects  may  remain  fixed  for  long  periods  of  time. 


Different  IC  manufacturers  use  variations  of  the  technique 
described  here,  but  basically  they  all  generate  a  limited  number  of 

phase  vectors,  which  are  then  selected  to  color  the  desired  objects  in 
the  display. 


3  5  SPECIAL  DISPLAY  EFFECTS 

Random  start,  location,  or  motion  of  an  object  are  important  features 
m  mar»y  electronic  games.  Similarly,  collisions  between  ball  and  bat, 
racing  automobiles,  or  other  competing  objects  are  also  important 
display  features.  Changes  in  the  size  of  the  objects  as  they  appear  to 
come  closer,  changes  in  the  appearance  of  objects  as  they  turn,  the 
isplay  of  alphanumerics,  and  similar  features  can  also  be  consid- 
ered  as  special  display  effects.  In  actual  practice,  however,  these 
special  effects  are  part  of  the  logic  control  function  rather  than  the 
>splay.  In  microprocessor-controlled  games  all  of  the  more  complex 
Pecial  effects  of  this  type,  particularly  the  detection  of  collisions  of 
Roving  objects,  size  changes,  etc.,  are  determined  by  the  program. 

's  reason  these  types  of  special  effects  are  covered  in  Chap.  8. 
arc  ?e  most  dramatic  special  display  effects,  often  used  in 

roi.a  e  ^c°m'Operated)  games,  makes  use  of  a  partially  silvered  mir- 
*he  Tv  allovvs  a  fixed  “background"  display  to  be  superimposed  on 
eff  *  Picture  (Fig.  3.11).  A  good  example  of  this  type  of  special 
dCross?ha  ^Unt*n8  game  in  monochrome  in  which  the  targets  move 
eTV  screen,  with  trees  and  bushes  in  color  optically  super- 
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imposed  on  the  TV  screen.  The  forest  scenery  is  printed  or  silk- 
screened  on  a  piece  of  glass  and  illuminated  from  the  back.  The 
viewer,  looking  at  the  TV  set  through  the  half-silvered  mirror,  can 
see  the  moving  TV  display  and  at  the  same  time  see  the  forest  as 
background  scenery.  The  amount  of  illumination  on  the  TV  picture 
tube  and  from  the  forest  scene  must  be  properly  balanced  to  give  the 
right  effect.  To  change  to  another  type  of  game  we  simply  extinguish 
the  light  source  for  the  forest  display,  and  only  the  TV  screen  will  be 
visible.  This  type  of  display  requires  that  the  TV  tube  as  well  as  the 
background  display  and  the  half-silvered  mirror  all  be  contained  in  a 
lightproof  box. 

Whether  the  game  is  called  hunting  or  target  shooting,  one  of  the 
additional  accessories  is  the  rifle.  A  simple  optical  system  in  the  rifle 
barrel  focuses  a  narrow  beam  of  light,  from  the  illuminated  target  on 
the  TV  set,  onto  a  photocell.  An  amplifier  is  followed  by  two  logic 
circuits,  one  to  generate  a  brief  pulse  while  the  light  is  visible,  and 
the  second  to  generate  a  brief  pulse  when  the  trigger  is  pressed. 
When  the  two  pulses  coincide,  a  hit  is  indicated.  When  the  trigger  is 
pressed  without  the  light-detection  pulse  occurring,  a  miss  is  scored. 
In  some  TV  games,  particularly  the  more  expensive  coin-operated 
ones,  the  target  disappears  or  appears  to  “fly  apart"  as  the  result  of  a 
hit. 

A  widely  used  special  effect  is  the  flashing  of  a  score  or  some  other 
part  of  the  game  display.  In  order  to  generate  this  effect,  the  display 
rate  for  the  item  to  be  flashed  is  interrupted  at  a  frequency  of  one  to 
three  times  per  second.  Different  flashing  rates  may  be  provided  in 
some  games  to  indicate  different  functions. 

Half-silvered 
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Modulator 


Modulator 


(b) 


Figure  3.12  Typical  special  effects  circuits,  (a)  Black  or  white  background; 
(£>)  black  and  white  on  grey  background. 


A  special  effect  that  is  now  available  in  a  variety  of  games,  control- 
logic-  as  well  as  microprocessor-operated,  is  the  ability  to  reverse  the 
video  polarity  of  selected  portions  of  the  display.  Figure  3.12  illus¬ 
trates  the  circuit  for  a  typical  game  in  which  the  score,  field,  ball,  and 
dght  and  left  bats  or  rackets  all  appear  as  black  on  a  white  screen 
background.  As  illustrated  in  Fig.  3.12fl,  the  four  video  signals  are 
combined  through  a  simple  OR  gate  with  the  sync  signal,  which  is 
obtained  through  another  OR  gate.  The  composite  video  signal  is 
then  connected  to  the  modulator.  Note  the  relative  amplitudes  of  the 
rignals  as  provided  by  the  mixing  resistors.  By  using  the  com  iner 
Clrcuit  of  Fig.  3.12b,  a  grey  background  is  obtained  instead  of  a  white 
°n<|;  and  one  of  the  bats  will  be  bright  white  and  the  other  bat,  as 
e11  as  the  score  and  field  boundary  indication  and  the  ba  ,  w i 

anaT  black'  In  this  circuit  NOR  §ates  are  USed  insteadfl °  (°t]  At0r 

6  'eft  bat  video  signal  g°<*  directl>'  ‘°  "ie  OU!pUH°ffe  ence in 
^  summing  the  three  video  levels.  Note  also  the  deference  in 
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mixing  resistors  for  this  circuit.  This  is  important  in  order  to  estab 
lish  the  background  level  of  the  screen.  Again,  the  output  of  the 
mixing  network  is  supplied  to  the  modulator. 

From  the  circuit  of  Fig.  3.12  it  becomes  apparent  that,  by  choosin 
the  polarity  and  relative  amplitude  of  different  portions  of  the  video 
signal,  it  is  possible  to  arrange  a  large  variety  of  black,  white,  grey 
combinations  for  display  objects.  As  was  discussed  in  Sec.  3.4  of  this 
chapter,  a  similar  variation  can  be  obtained  when  color  is  used  in  a 
TV  game. 


3.6  TYPICAL  DISPLAY  CIRCUITS 

Although  the  details  of  individual  video  display  circuits  vary  with 
different  electronic  games,  they  can  be  characterized  by  either  of  the 
two  examples  presented  here.  The  first  example  is  typical  of  the 
simpler,  logic-controlled  games  and  shows  the  video  portion  of  the 
popular  Magnavox  Odyssey  game.  The  second  example  comes  from 
the  RCA  Studio  II  family  and  is  typical  of  the  more  sophisticated 


Figure  3.13  Display  circuit:  Magnavox  Odyssey. 
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1760  kHz 

+  5  V  clock  +  5V 


Figure  3.14  Display  circuit:  RCA  Studio  II. 


microprocessor-controlled  games.  The  entire  Magnavox  Odyssey 
game  is  contained  on  a  single  IC,  with  separate  transistors  providing 
the  2.0-MHz  clock,  voltage  regulation,  audio  amplification,  and, 
most  important  for  this  example,  the  RF  oscillator. 

As  illustrated  in  Fig.  3.13,  four  separate  video  signals,  the  left  and 
r*ght  bats,  the  ball,  and  the  game  pattern  (wall),  are  obtained  from 
the  IC  and  summed  together  through  four  diodes.  The  combined 
horizontal  and  vertical  sync  signal  is  added,  and  the  total  is  then 
applied  to  a  diode  modulator.  Note  that  the  RF  oscillatoi  is  tuned  by 
a  ^ngle  coil,  Lu  and  that  either  channel  3  or  channel  4  can  be 
selected,  depending  on  whether  a  trimmer  capacitor  is  shorted  out  or 
^  t  in  the  circuit.  The  output  of  the  RF  oscillator  is  applied  to  a  diode 
lch  also  acts  as  the  modulator.  A  filter  circuit,  consisting  of 
desi*Cit0rS  3nC* double-tuned  transformer,  limits  the  output  to  the 
Th^  frecluency  band,  either  channel  3  or  channel  4. 
seoi  ,dlsplay  circuit  of  RCA's  Studio  II  consists,  essentially,  of  two 
i^-s/  as  illustrated  in  Fig.  3.14.  Six  control  leads  from  tht 
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microprocessor  actuate  the  custom  video  display  IQ  which  is  a!so 
connected  to  the  8-bit  data  bus.  The  video  display  IC  operates  0n  a 
tfhO-kHz  clock.  All  of  the  different  video  signals  are  combined 
within  the  IC,  and  only  two  external  resistors  are  used  to  combine 
the  video  with  the  horizontal  and  vertical  sync.  The  composite  video 
signal  goes  directly  into  the  RF  oscillator  and  modulator  IC,  an  RCa 
type  CA  3086.  Selection  of  the  RF  channel  is  governed  by  the 
switches  for  channel  2  or  channel  3.  A  75-0  coax  line  goes  from  that 
IC  directly  to  the  antenna  switching  box.  When  the  switch  is  set  to 
connect  the  external  antenna  directly  to  the  TV  set,  the  game  power 
supply  is  automatically  shut  off.  The  Magnavox  Odyssey  game,  on 
the  other  hand,  can  be  either  battery-operated  or  connected  to  an 
external  power  source,  but  it  does  not  shut  off  when  the  antenna 
switch  is  set  for  TV  reception. 


3.7  TROUBLESHOOTING  DISPLAY  CIRCUITS 

Chapter  12  is  devoted  to  the  troubleshooting  of  all  portions  of  all 
types  of  electronic  games,  but  at  this  time  we  want  to  cover  trouble¬ 
shooting  of  those  specific  defects  that  originate  in  the  display 
portion. 

If  you  look  at  the  block  diagram  in  Fig.  3.1,  it  becomes  apparent 
what  kind  of  defects  can  occur  in  the  antenna  switch,  the  RF  genera¬ 
tor  and  modulator,  and  the  display  circuits  themselves.  The  trouble¬ 
shooting  chart  of  Table  3.1  is  intended  as  a  quick  reference  rather 
than  the  ultimate  troubleshooting  guide.  It  covers  the  three  most 
likely  symptoms  caused  by  defects  in  the  display  portion.  The 
absence  of  any  pattern  on  the  TV  screen  may  be  due  to  the  antenna 
switch,  the  RF  oscillator,  the  modulator,  or  the  display  IC  itself. 
Antenna  switch  defects  are  almost  always  limited  to  poor  contact 
either  in  the  switching  box  itself  or  in  its  connections.  If  the  antenna 
switch  also  controls  ac  power,  a  defect  in  that  connection  can  cause 
the  loss  of  pattern  on  the  TV  screen. 

When  the  RF  oscillator  itself  is  either  at  the  wrong  frequency  or 
not  oscillating,  RF  signals  cannot  reach  the  TV  set.  To  determine 
whether  the  RF  oscillator  is  working  or  not,  dc  voltage  measurements 
or  tests  of  the  oscillator  transistor,  or  IC  and  its  components,  will 
determine  where  the  defect  is.  If  you  have  a  high-gain  oscilloscope 
with  an  RF-detecting  probe,  you  can  see  whether  there  is  any  RF 
output  at  all.  Since  the  normal  RF  output  amplitude  is  less  than  500 
/aV,  considerable  gain  in  the  test  oscilloscope  is  required  to  provide  a 
positive  indication.  The  modulator  itself  is  rarely  the  source  of 
defects,  but  it  can  be  either  open  or  shorted.  Checking  the  continuity 
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TABLE  3. 1  DISPLAY  CIRCUIT  TROUBLESHOOTING  CHART 


Svmptotrt 

Location 

No  pattern  on  TV 

Antenna  switch 

No  pattern  on  TV 

Antenna  switch 

No  pattern  on  TV 
No  pattern  on  TV 

RF  oscillator 

RF  oscillator 

No  pattern  on  TV 

Modulator 

No  pattern  on  TV 

Display  IC 

Pattern  not 
synchronized 
Display  portions 
missing  or 
wrong 

Display  IC  or 
modulator 
Display  IC  or 
control 
signals 

Defect 
Poor  contact 

No  ac  power 

Wrong  frequency 
Not  oscillating 

Open  or  shorted 
No  output 

Loss  of  sync  pulses 
Partial  loss  of  video 


Test 

Continuity  on  switch,  leads, 
connectors,  TV  terminals 
Continuity  on  switch,  leads 
to  power  supply,  ac  cord 
Channel  switch,  tuning 
DC  voltages,  transistor,  1C, 
and  other  components 
Continuity  of  modulator, 
check  video  with 
oscilloscope 

DC  voltages,  check  video, 
and  control  signals 
Check  sync  with  oscillo¬ 
scope,  check  clock  input 
Signal  trace  video  with 
oscilloscope,  move  con¬ 
trols  and  check  action 
with  oscilloscope,  check 
control  signals 


of  the  modulator  circuit  and  observing  the  video  input  with  an 
oscilloscope  will  help  to  locate  that  kind  of  defect. 

If  the  display  IC  itself  is  defective,  there  will  be  no  output.  DC 
voltages  and  oscilloscope  checks  of  the  video,  synchronization,  and 
control  signals  will  help  in  troubleshooting  this  type  of  defect. 

When  the  RF  oscillator  and  the  antenna  switch  operate  correctly, 
but  no  video  signal  is  available  to  modulate  the  output,  it  is  often 
possible  to  use  the  TV  set  to  determine  if  some  RF  is  received.  To  do 
this,  connect  the  TV  antenna  directly  to  the  TV  set,  and  also  connect 
the  antenna  switch  to  the  same  TV  set  terminals.  With  the  TV  set 
tuned  to  a  regular  broadcast  channel  and  the  RF  oscillator  tuned  to 
Same  channel,  some  interference  should  be  observable  when  the 
game  is  turned  on  and  off. 

boss  of  synchronization  can  be  established  when  we  see  some 

Pattern  floating  or  weaving  across  the  TV  screen.  This  symptom  is 

vert°St  a^Wa^s  ^ue  t°  a  loss  of  sync  pulses  in  the  TV  game.  Either 

'vro1Ca*  °f  ^IOr*zon tal  or  both  sync  pulses  may  be  missing  or  of  the 

vid  P°larity.  When  you  observe  this  symptom,  you  know  that  the 

sync°  and  RF  Portions  are  working.  Checking  the  appearance  of  the 

of  ‘8nals  with  the  oscilloscope  is  the  best  way  to  isolate  this  type 
ee  1 1 

the  Paddf01116  Por^on  the  game  display  is  missing,  such  as  one  of 
es/  a  ball,  or  some  portion  of  the  boundary  marking,  the 
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course  is  likely  to  be  wrong  or  missing  control  signals  at  the  display 
IC.  Ordinarily  this  type  of  defect  originates  in  the  control  logic  or 
microprocessor  portions.  In  rare  instances  the  display  IC  itself  or 
some  of  the  connections  to  it  may  be  defective. 

The  troubleshooting  chart  included  in  this  chapter  covers  more 
than  90%  of  all  the  problems  normally  encountered  in  the  RF,  modu¬ 
lation,  and  display  circuit  portions.  For  those  rare  instances  where 
the  trouble  is  more  complex,  or  where  it  is  intermittent,  a  thorough 
troubleshooting  procedure  must  be  used.  Chapter  12  contains  sug¬ 
gestions  for  those  hard-to-find  troubles. 


Picture  if  you  can  what  it  was  like  to  go  to  the  movies  in  the  early 
1900s  before  the  advent  of  "the  talkies,"  and  you'll  have  some  idea  of 
the  importance  of  sound  effects  in  today's  electronic  games.  The 
addition  of  sound  to  these  games  provides  excitement,  realism,  and 
an  additional  dimension  which  greatly  helps  to  maintain  player 
interest  and  maximize  enjoyment  of  the  game. 

Most  sounds  that  we  hear  are  complex  in  nature  and  contain  both 
harmonic  (sinusoidal)  and  noise  components.  Thus,  in  principle  at 
least,  it  should  be  possible  to  synthesize  any  particular  sound,  be  ifa 
muscial  instrument,  voice,  or  special  effect,  by  appropriately  com¬ 
bining  a  sine  wave  or  group  of  sine  waves  together  with  a  specific 
amount  of  random  noise.  An  overall  block  diagram  for  a  typical 
sound  synthesizer  is  given  in  Fig.  4.1.  Note  that  the  relative  ampli¬ 
tude  of  each  of  the  components  is  adjusted  to  the  proper  level  by 
spectrally  filtering  the  individual  signals  and  that  the  resulting  com¬ 
posite  waveform  is  then  passed  through  some  type  of  envelope 
modulator  to  provide  the  needed  variations  in  the  temporal  charac¬ 
teristic  for  the  particular  sound. 

In  this  chapter  we  will  consider  the  general  methods  employed  in 
the  synthesis  of  electronically  generated  sounds.  Since  most  readers 
have  probably  had  little  experience  with  these  techniques,  we  will 


53 


54  Ele  ctronic  Game* 


Figure  4.1  General  form  of  a  sound  synthesizer. 


first  examine  how  they  have  been  applied  to  electronic  music  genera¬ 
tion,  an  area  with  which  the  reader  will  no  doubt  be  more  familiar 
before  discussing  how  these  methods  are  currently  being  applied  in 
today's  electronic  games. 


4.1  GENERAL  ASPECTS  OF  THE  SOUND  SYNTHESIS  PROCEDURE 

Humans  can  detect  acoustical  signals  having  frequencies  in  the  range 
from  about  20  Hz  to  20  kHz.  These  signals,  when  generated,  travel 
through  the  air  as  vibrational  waves,  and  when  they  strike  the 
surface  of  the  eardrum  they  create  a  corresponding  neural  signal  that 
we  know  as  "sound."  The  periodic  sound  wave  shown  in  Fig.  4.2 a  is 
a  l"kHz  sine  wave  and  is  in  fact  a  signal  rarely  occurring  in  nature. 
As  such,  this  type  of  sound  would  be  perceived  by  the  ear  as  being 
crisp  and  clear  but  somewhat  unnatural.  Most  sounds  commonly 
encountered  are  much  more  complex  and  contain  multiple  frequency 
components  as  well  as  some  measure  of  added  random  noise. 

If  the  frequency  components  are  integral  multiples  of  one  another, 
the  components  are  said  to  be  harmonically  related.  As  an  example 
consider  a  sound  waveform  composed  of  four  frequency  elements  at 
/o  1  kHz,  f i  —  2  kHz,  f2  =  3  kHz,  and  /3  =  4  kHz.  Here  the  element 
' 0  is  known  as  the  fundamental,  fx  as  the  first  harmonic  (or  first 
overtone),  /2  as  the  second  harmonic  (second  overtone),  etc.  When 

t  e  requency  components  are  not  integral  multiples  of  one  another, 
they  are  called  anharmonic  signals. 

Generally,  in  musical  instruments  and  other  acoustical  generation 
evices,  the  sound  components  produced  are  related  in  some  way  to 

SjZ.T  °.r  S  af\G  r0^  sound  source.  Consider  for  example  the 
’  from  the  plucking  of  a  guitar  string  (Fig.  4.2b).  As 

function6 oefTCt!  '  r  freq“ency  °‘ vibration  of  'he  Ling  is  a  direct 
particular  sh  6  S  Tu  en®th'  'hickness,  and  tension.  In  addition,  the 
amplitude  nfPl°f  the  Vlbrat,ory  Pa"em  generated  (and  the  resulting 

stioncIv  affL  H  n  T”  harmonic  components  produced)  is 
Strongly  affected  by  the  position  along  its  length  where  it  is  plucked. 
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However,  this  does  not  alter  which  frequency  components  will  be 
-.resent,  but  only  how  prominent  they  are. 

*  j\  similar  situation  exists  for  nonmusical  sound  sources.  Consider, 
for  example,  the  spectral  characteristics  of  the  sound  produced  by  a 
propeller-driven  aircraft  (Fig.  4.2c).  As  the  reader  might  expect,  the 


Time,  s 


figure  4.2  Examples  of  acoustical  signal  sources,  (a)  A  1-kHz 
sinusoidal  signal.  ( b )  Sound  produced  by  a  guitar  string 
(released  at  t  *  0).  ( Adapted  from  Alan  Douglas,  Electronic 
Music  Production;  Tab  Books,  1973  )  (c)  Spectral  characters- 

t  t  A  *  ■ 


,cs  sound  produced  by  a  propeller-dnven  aircraft.  ( Adapted 
rom  A  Reigleret  at.,  JASA  25,  1953,  p.  395.) 


fundamental  frequency  of  the  sound  emitted  from  this  type  0f 
is  solely  determined  by  the  speed  of  the  engine  and  the  numh^6 
blades  on  the  propeller.  However,  the  harmonic  content  of  the  ** 
ing  sound  wave  produced  is  dependent  on  the  actual  shape 
acoustical  pressure  wave  generated  as  the  propeller  cuts  through  ^ 
air,  and  this  of  course  varies  with  the  pitch  and  general  shape  of  th 
blades  as  well  as  with  the  acoustical  properties  of  the  air  in  which  n.e 
plane  is  traveling.  the 


From  even  this  brief  introduction  to  sound  sources,  it  is  clear  th 
the  sounds  they  emit  can  be  quite  complex.  Thus,  while  the  design  of 
a  circuit  to  reproduce  any  specific  sound  effect  could  certainly  be 
accomplished,  the  development  of  any  general-purpose  sound  syn¬ 
thesis  system  would  appear,  at  best,  to  represent  a  formidable  design 
task.  Fortunately,  this  is  not  strictly  the  case. 

In  order  to  more  fully  understand  how  to  proceed  with  such  a 
design,  it  will  first  be  necessary  to  examine  the  spectral  characteris¬ 
tics  of  complex  sound  waves  and  to  note  that  any  complex  nonsinus- 
oidal  waveform  may  be  constructed  from  a  superposition  of  sine 
waves.  Stated  another  way,  this  means  that  any  complex  periodic 
waveform  may  be  synthesized  by  adding  a  sine  wave  having  the 
same  fundamental  frequency  as  this  wave  together  with  an  appropri¬ 
ate  combination  of  harmonics  of  the  fundamental  frequency.  Natu- 
rally,  each  of  the  signal  components  must  have  the  proper  amplitude 
and  phase  relationship  to  the  fundamental  to  accurately  reproduce 
the  original  waveform.  This  group  of  sinusoidal  components  is 
known  as  the  Fourier  series  representation  of  the  original  waveform. 
The  spectral  characteristics  (Fourier  series  components)  of  several  of 
the  more  common  waveforms  are  given  in  Fig.  4.3.  Note  that,  since 
the  higher-order  harmonic  terms  have  rapidly  decreasing  ampli¬ 
tudes,  a  fair  representation  of  the  original  waveform  can  usually  be 
obtained  by  combining  the  fundamental  with  just  the  first  few 
harmonics.  This  waveform  construction  process  is  shown  in  Fig.  4.4 
for  the  case  of  a  square  wave. 


Thus,  in  principle,  a  sound  synthesizer  (at  least  for  periodic 
waveforms)  could  be  constructed  by  simply  interconnecting  a  bank 
of  sine-wave  oscillators,  phase  shifters,  and  amplitude  scalers.  How¬ 
ever,  it  is  readily  apparent  that  this  approach  is  not  all  that  simple, 
especially  when  one  considers  that  it  might  be  necessary  to  change 
the  pitch  of  the  signal  generated.  To  accomplish  this  some  form  of 
voltage-controlled  oscillator  (VCO)  would  be  required,  with  control 
voltages  applied  to  each  of  the  sine-wave  oscillators  to  shift  the  pitch 
of  the  overall  waveform.  Clearly  there  would  be  a  monumental 
tracking  problem  associated  with  the  synchronous  shifting  of  the 
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TIME-COURSE  of  waveform 


(Iii)  Square  wave 
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fundamental  and  each  of  its  harmonics,  which,  coupled  with  th 
that  the  ear  is  particularly  sensitive  to  these  types  of  errors  m  lC* 
this  method  wholly  unsuitable.  '  es 

Instead,  what  is  usually  done  is  to  make  use  of  a  single  volta 
controlled  master  oscillator,  which  produces  several  different  t 
of  output  waveforms,  with  the  Fourier  series  content  of  these  sie  i 
serving  as  the  source  for  the  fundamental  component  and  the  various 
harmonics  needed  to  create  the  particular  sound.  By  appropriate! 
filtering  and  combining  these  building-block  waveforms  together  jf 
is  possible  to  accurately  match  the  spectral  characteristics  of  nearl 
any  specific  sound  (Fig.  4.5).  Note  too  that  to  change  the  pitch  of  the 
waveform  produced  by  this  system,  only  a  single  VCO  control  volt¬ 
age  needs  to  be  varied  and  that  this  variation  automatically  shifts  the 


First  twenty  components 


Figure  4.4  Waveform  construction 
components. 


from  the  Fourier  series 
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Figure  4.5  Sound  synthesizer  employing  a  pure  Fourier  series  approach 
(a)  and  a  single  multiwaveform  voltage-controlled  oscillator  ( b ). 


frequencies  of  the  fundamental  and  of  all  harmonics  of  the  wave¬ 
form.  This  assures  perfect  tracking  of  all  the  generated  frequency 
components  and  guarantees  that  the  general  shape  of  the  spectral 
characteristics  will  be  preserved  even  though  the  base  frequency  is 
shifted. 

However,  the  spectral  characteristics  of  a  sound  are  not  its  only 
distinguishing  feature.  Two  acoustical  signals  can  have  very  similar 
frequency  components  and  yet  can  sound  very  different  if  the  time 
course  of  the  two  waveforms  is  not  the  same.  In  comparing  the 
envelopes  of  different  sounds,  it  is  frequently  useful  to  divide  the 
envelope  (at  least  as  an  initial  approximation)  into  three  distinct 
regions,  known  as  the  waveform's  attack,  steady-state,  and  decay 
times  (Fig.  4.6 a).  Thus,  for  example,  as  shown  in  Fig.  4.6 b,  the  sound 
emitted  when  a  particular  key  is  struck  on  a  piano  is  characterized  by 
a  rapid  attack,  zero  steady  state,  and  a  relatively  long  decay  time.  A 
similar  situation  exists  for  the  guitar  (Fig.  4.2 b),  except  that  its  attack 
and  decay  times  are  somewhat  shorter.  However,  on  comparing 
these  sound  waveforms  with  those  produced  by  the  flute  or  the 
0rgan,  for  example,  we  would  see  a  marked  difference  in  their 
envelope  characteristics,  even  though  their  spectral  patterns  are  sim¬ 
ilar.  Each  of  the  latter  instruments  is  characterized  by  a  long  steady- 
state  or  sustain  time,  determined  by  the  breath-holding  capability  of 
f  ®  player  in  the  case  of  the  flute  or  by  the  length  of  time  that  the  key 
the  e^resse<^  *n  l^e  case  of  the  organ.  Clearly  the  sounds  produced  in 
e  after  two  cases,  while  possessing  certain  similarities,  are  for  the 
0s|  Part  vastly  different.  Thus  in  developing  a  sound  synthesizer, 

e  U1  attention  must  be  given  to  both  the  spectral  and  temporal 
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Figure  4.6  (a)  A  simple  linear  waveform  envelope;  ( b )  form  of  the 
sound  produced  by  a  piano. 

characteristics  of  the  sound  to  be  duplicated.  Along  these  lines,  a 
general-purpose  sound  synthesizer  system  should  contain: 

1.  One  or  more  voltage-controlled  oscillators  producing  a 
multiplicity  of  output  waveforms  (typically  sine,  triangle, 
and  square  are  adequate,  but  the  presence  of  pulse,  saw¬ 
tooth,  and  ramp  waveforms  is  useful). 

2.  A  white-noise  source. 

3.  Filtering  circuits  to  modify  the  spectral  characteristics  of 
the  input  waveform. 

4.  Envelope  shaping  circuits  to  modify  the  temporal  charac- 
tens  tics  of  the  waveform. 
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5.  A  controller  circuit  to  generate  all  of  the  proper  electrical 
control  signals  in  response  to  a  request  for  the  generation 
of  a  particular  sound. 

In  Sec.  4.2  we  discuss  the  design  of  specific  circuits  for  each  one  of 
the  building  blocks  needed  for  constructing  this  general-purpose 
sound  synthesizer  system. 


4.2  SPECIFIC  CIRCUITS  FOR  SOUND  EFFECTS  GENERATION 


One  of  the  most  important  circuits  used  in  nearly  every  sound  effects 
synthesizer  is  the  VCO  waveform  generator.  A  decade  ago  the  con¬ 
struction  of  this  circuit  would  have  represented  a  formidable  engi¬ 
neering  task.  Today,  however,  devices  performing  these  functions 
may  be  purchased  in  a  single  IC  package  at  a  cost  of  under  $5  in 
single  quantities.  One  particular  example  of  this  type  of  IC  is  the 
8038  waveform  generator  produced  by  Intersil  Corporation.  An  over¬ 
all  block  diagram  of  the  internal  circuitry  is  given  in  Fig.  4.7. 

In  order  to  understand  how  a  typical  VCO  operates,  consider  the 
simpler,  three-IC  version  of  this  circuit  presented  in  Fig.  4.8a.  Here, 
IC,  functions  as  a  buffer  or  voltage  follower  and  /C3  as  a  Schmitt 
trigger  or  level  detector.  For  the  case  where  R:i  =  2 R4  =  10  k H,  this 
latter  circuit  has  a  hysteresis  characteristic  of  the  form  given  in  Fig. 
4.8b.  When  V 2,  the  input  to  the  Schmitt  trigger,  is  very  positive,  the 
output  V3  is  fixed  at  +10  V.  The  output  remains  at  this  value  until  V2 
drops  below  -5  V.  At  this  point  the  output  snaps  to  -10  V,  where  it 
now  remains  until  the  input  V2  again  exceeds  +5  V. 

The  operational  amplifier  1C2,  an  LM3900  manufactured  by 
National  Semiconductor,  is  a  new  type  of  device  known  as  a  current 
differencing  amplifier.  A  conventional  op  amp  amplifies  the  voltage 
difference  at  the  two  input  terminals,  while  this  type  of  device 
amplifies  the  current  difference.  For  our  purposes  the  amplifier's 
equivalent  circuit  is  essentially  that  given  in  Fig.  4.8d.  Thus  in  the 
unction  generator  circuit  given  in  part  a  of  the  figure,  1C2  acts  to 
‘"^ate  the  difference  between  the  currents  I2  and  It. 

hen  V3  is  positive,  Q!  is  ON,  grounding  the  noninverting  input 
erminal  on  1C2  and  shunting  all  of  the  current  1/  to  ground,  so 
~  0*  At  this  point  7/  =  Iz  =  0,  and  1C2  behaves  like  a 
uventional  integrator  to  produce  a  ramp  output  given  by 
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Figure  4.7  Block  diagram  of  the  Intersil  8038  waveform  generator.  (Inter¬ 
sil  Inc.) 

so  that  the  output  is  linearly  decreasing.  When  V2  reaches  —5  V,  the 
Schmitt  trigger  changes  states,  and  its  output  V3  switches  to  -10  V. 
This  cuts  off  transistor  Qi  and  allows  the  current  72'  to  enter  the 
noninverting  input  terminal  of  the  current-differencing  op  amp. 
Since  I2  =  72'  =  VinIR2  and  7/  =  72,  the  feedback  current  7/ through 
the  capacitor  is  now  given  by  If  —  Iv  —  7X  =  l2  —  h,  and  thus  the 
output  voltage  V2  now  begins  to  grow  in  accordance  with  the 
expression 


Ri  ~  ft2\ 
R1R2  ) 


Figure  4.8  (a)  A  three-IC  voltage-controlled  oscillator;  ( b )  hysteresis 
curve  for  Schmitt  trigger  /C3;  (c)  waveforms  produced  by  the  VCO  for  case  x 
Fit  =  V2 Rii  (d)  equivalent  circuit  of  a  current  differencing  amplifier;  (e)  W 
ramp  and  pulse  waveforms  produced  by  the  VCO  for  case  R2  =  fcRu 


integrator 
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In  particular,  if  R-z  =  Wu  then  V2  is  a  positive-going  ramp  having 
the  same  slope  magnitude  as  before  and  given  by 

Vint  _  VjJ 
V*~2  R2C  RiC 

Thus  for  this  case  the  waveform  outputs  will  be  symmetrical  triangle 
and  square  waves  having  a  frequency  given  by 

/  =  — 

1  20RiC 

Note  that  the  output  frequency  is  proportional  to  the  applied  input 
control  voltage  7in  and  hence  this  circuit  serves  as  a  VCO.  Of  course 
this  circuit  generates  only  square  and  triangle  waves,  but  it  could, 
with  the  addition  of  a  simple  transistor  wave-shaping  circuit,  also  be 
used  to  produce  sine  waves.  In  addition,  by  altering  the  R j  —  R2 
resistor  ratio,  it  is  possible  to  produce  ramps  and  pulse-type  wave¬ 
forms.  A  specific  example  of  this,  for  the  case  where  R2  =  (5/(>)R\,  is 
shown  in  Fig.  4.8c. 

One  other  acoustical  signal  source  frequently  needed  for  the  gen¬ 
eration  of  special  sound  effects  is  the  so-called  whitc-noiss  source. 
This  type  of  signal  source  contains  a  uniformly  flat  output  frequency 
spectrum  and  gets  its  name  from  the  fact  that,  like  "white  light,"  it  is 
made  up  of  all  frequency  components.  Broadband  white  noise  pro¬ 
duces  the  familiar  hissing  sound  when  amplified  and  sent  to  a 
loudspeaker;  properly  filtered  and  controlled  in  its  amplitude  charac¬ 
teristics,  it  may  be  used  to  synthesize  the  sounds  of  rolling  surf,  jet 
planes,  thunder,  and  all  types  of  explosions.  Figure  4.9  illustrates 
two  typical  circuits  used  for  the  generation  of  random  noise  signals. 
The  circuit  on  the  left  operates  by  reverse-biasing  the  base-emitter 
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Figure  4.9  White  noise  sources,  (a)  Transistor;  (b)  zener  diode. 
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figure  4.10  Examples  of  major  types  of  filters  used  for  producing  elec- 
ron,c  s°und  effects,  (a)  Low-pass;  ( b )  high-pass;  (c)  bandpass. 
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(a) 


(b) 

Figure  4.11  A  voltage-controlled  bandpass  filter,  (a)  Schematic; 
(b)  filter  frequency  response. 


junction  of  the  transistor  Q  in  its  avalanche  breakdown  region.  Here 
the  current  that  flows  has  a  shot-noise-like  character,  and  these 
random  current  spikes  produce  the  uniformly  flat  spectral  character¬ 
istic  associated  with  white-noise  sources.  A  similar  random-noise 
signal  may  also  be  obtained  by  placing  the  operating  point  of  the 
zener  diode  given  in  Fig.  4.9 b  at  the  "knee"  in  its  zener  characteris¬ 
tic.  In  both  cases  the  noise  level  produced  is  very  small,  so  that 
significant  signal  amplification  is  required. 

Once  the  basic  signal  has  been  generated,  particular  filters  are 
required  in  order  to  shape  the  signal's  spectral  characteristic  into  the 
proper  final  form.  Three  main  types  of  filters  are  of  interest  for 
sound-effect  applications:  these  are  the  low-pass,  high-pass,  and 
bandpass  filters.  For  illustrative  purposes  a  simple  example  of  each 
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^long  with  its  corresponding  spectral  characteristics  is  given  in 
VP  K  The  filters  shown  in  the  figure  are  examples  of  passive, 
~  i- element  circuits;  that  is,  they  are  not  capable  of  amplifying  the 
tlX<uit  signal,  nor  can  their  spectral  characteristics  be  altered  without 
1,1  lacing  the  components.  Often,  however,  in  generating  complex 
'ound  effects  it  is  necessary  to  vary  the  passband  characteristics  of 
the  filter  as  a  function  of  time.  Of  course  this  could  be  done  by 
switching  in  different  filters,  but  a  much  more  economical  solution  to 
the  problem  is  to  develop  some  type  of  voltage-controlled  filter.  One 
example  of  this  type  of  circuit  design  is  shown  in  Fig.  4.11. 

Specifically  this  circuit  is  a  bandpass  amplifier  whose  center  fre¬ 
quency  fo  is  determined  by  the  effective  resistance  R:i  of  the  field- 
effect  transistor  Q,.  Since  the  resistance  of  the  FET  is  a  function  of 
the  control  voltage,  this  voltage  can  be  used  to  alter  the  passband 
characteristics  of  the  filter.  The  filter  gain  for  this  circuit  can  be 
shown  to  be  given  by 


V, 


in 


c o/R,C 


(cof,  -  or)2  + 


2  co 

RJ2 


where  co  =  input  signal  frequency 

co0  =  center  frequency  of  the  filter  = 

R1R3 


vW  •  c 


*p  = 


RiR: 


Note  that  at  the  center  frequency  (co  =  co0)  the  filter  gain  is  given  by 
the  ratio  -R2I2R1  =  —50.  In  addition,  the  filter  bandwidth  is  given 
by  the  expression 


BW  = 


R,C 


'  since  it  is  independent  of  R3,  is  fixed  at  1.33  krad/s  or  212  Hz. 
^pending  on  the  value  of  R3,  however,  the  center  frequency  varies 
to  ran8e-  When  the  control  voltage  is  +5  V,  Qy  is  assumed 

freqyCUto^^3  =  00 /  and  Rp  —  15  kfl);  for  this  case  the  filter's  center 
2er°  the^  *s  at  ^-66  krad/s  or  1.06  kHz.  When  the  control  voltage  is  at 
100  Q.  *s  assumed  to  be  on  strongly  and  to  have  a  resistance  of 

°r9  2  kH>S  liter's  center  frequency  up  to  about  57.7  krad/s 

center  fr  Z  ^US  3S  contr°l  voltage  varies  from  0  to  5  V,  the  filter's 
equency  will  sweep  back  and  forth  between  1  and  9  kHz, 
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while  its  amplitude  and  bandwidth  remain  fixed  at  50  and  200  Hz, 
respectively. 

A  similar  electronic  circuit  may  also  be  employed  to  construct  a 
voltage-controlled  amplifier  (Fig.  4.12).  To  understand  how  this  cir¬ 
cuit  operates,  consider  that  the  S-R  flip-flop  FFt  is  initially  set  (Q  = 
1)  so  that  the  control  voltage  Vc  is  high  (+5  V),  and  therefore  the  P- 
channel  FET  Q i  is  cut  off.  For  these  conditions  the  gain  of  the 
amplifier,  given  by  the  expression  (1  +  RJR2)/  is  lf  since  Ri  is 

essentially  an  infinite  resistance,  and  thus  a  1-mV  amplitude  sine 
wave  appears  at  the  amplifier  output. 

When  an  attack  pulse  is  received  (see  Fig.  4.122?),  the  flip-flop  is 
reset,  D4  conducts,  and  the  capacitor  C  discharges  toward  zero  with 
a  time  constant  R4C.  During  this  part  of  the  cycle  D3  is  reverse 
biased.  As  the  control  voltage  falls  to  zero,  the  FET  begins  to  turn  on 
and  its  resistance  falls.  When  =  0  the  FET  resistance  is  100  Cl,  and 
the  amplifier  gain,  1  +  RiIR2,  is  about  500.  At  this  point  the  amplifier 
will  "sustain”  its  amplified  500-mV  output  signal  until  the  FET  is 
returned  to  the  off  state.  To  initiate  the  decay  portion  of  the  cycle,  a 
master  controller  circuit  (not  shown  in  the  figure)  generates  a  decay 
pulse  which  is  used  to  set  the  flip-flop.  When  Q  goes  HI,  D3 
conducts,  causing  the  control  voltage  Vc  to  rise  with  a  time  constant 
R3C.  This  of  course  cuts  off  the  FET  and  returns  the  amplifier  to  the 
low-gain,  or  off,  condition.  The  reader  should  note  that  since  the 
control-voltage  rise-  and  fall-time  constants  are  not  the  same,  the 
waveform  attack  and  decay  times  may  be  individually  controlled  by 
adjusting  R3  and  R4/  respectively.  In  addition,  the  sustain  period  is 
determined  by  the  spacing  between  the  attack  and  decay  pulses. 


4  3  GENERATING  SPECIFIC  SOUND  EFFECTS  FOR  VIDEO  GAMES 

Interestingly  enough,  the  complex  sounds  employed  in  video  games  1 


seem  to  be  mostly  aggressive  in  nature.  Thus,  except  for  the  simple 
pong”-type  paddle  and  wall  noises  discussed  in  Chap.  8,  all  of  the 


required  sounds  seem  to  have  something  to  do  with  shooting  and/or 
killing  an  enemy,  whether  on  foot  or  in  a  plane,  boat,  submarine,  or 
spaceship.  In  this  section  we  will  discuss  techniques  for  generating 
four  specific  game  sound  effects: 


A  gunshot 
A  jet  plane 
3-  A  flying  saucer 
4.  A  propeller-driven  aircraft 
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In  each  case  an  attempt  will  be  made  to  explain  the  operation  of  the 
circuits  described  in  terms  of  the  spectral  and  temporal  characteris¬ 
tics  of  the  sounds  being  simulated. 

Probably  one  of  the  most  often  used  video-game  sound  effects  js 
that  associated  with  the  explosive  firing  of  a  weapon.  With  slight 
tailoring  of  its  spectral  characteristics,  one  basic  circuit  can  be 
employed  to  synthesize  sounds  corresponding  to  gunshots,  machine 
guns,  cannons,  and  other  larger  explosive  devices. 

The  sound  produced  by  a  gunshot  is  basically  an  impulse  or  high- 
pressure  acoustical  signal  lasting  for  a  relatively  short  period  of  time. 
As  such,  it  has  spectral  characteristics  similar  to  those  given  in  Fig. 
4.3  for  the  narrow  pulse;  that  is,  it  contains  a  very  wide  spectrum  of 
frequencies  during  the  time  that  it  is  on.  A  plot  of  the  frequency 
spectrum  associated  with  a  pistol  shot  is  given  in  Fig.  4.13.  In 
actually  synthesizing  a  gunshot  sound,  a  circuit  of  the  form  illus¬ 
trated  in  Fig.  4.14  is  often  employed. 

When  the  gun  is  fired,  the  mechanical  actuator  switch  Sj  momen¬ 
tarily  closes  (a  75-ms  closure  time  appears  good),  and  the  power 
supply  voltage  builds  up  exponentially  at  point  A  with  a  time 
constant  approximately  given  by  the  R j  •  Cx  product.  Using  the 
component  values  given  in  the  figure,  this  time  constant  is  about  10 
ms.  As  the  supply  voltage  increases,  the  collector  voltage  also  rises 
exponentially  toward  a  value  of  about  8  V,  since  the  steady-state 
collector  current  is  about  0.2  mA  for  the  circuit  components  shown. 

As  the  transistor  enters  the  active  region,  it  also  begins  to  amplify 


of  shot 


Figure  4.13  Spectral  characteristics  of  a  pistol  shot 
(Darkness  indicates  relative  amplitude.)  ( Adapted 
from  W.  E.  Kock,  Seeing  Sound,  Wiley-lnterscience, 

•  9/  7 . ) 
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igure  4.14  (a)  Gun-shot  sound  effect  synthesizer  circuit.  (Adapted  from  a 
m//ar  circuit  given  in  W.  E.  Olliges  et  a!.,  Soiid  State  Sound  Effect  Generat- 
9  System,  U.S.  Patent  3,831,172,  Aug.  20,  1974.)  (b)  Composite  collector 
SiQ^eform  Produced  by  the  gunshot  circuit  in  response  to  a  75-ms  actuator 
a  ■  (°)  Output  produced  when  simulating  automatic  weapon  firing. 
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the  white-noise  signal  being  injected  at  its  emitter.  The  signal  gajn 
from  emitter  to  collector  for  this  specific  circuit  is  about  1.  The 
composite  waveform  appearing  at  the  collector  output  is  given  in 
Fig  4  14 b  Note  that  the  impulse  decays  much  more  slowly  than  it 
rises,  with  a  time  constant  of  200  ms  given  approximately  by  £(*,  + 
R  ()  |'k7j  .  Ci.  This  lingering  of  the  gunshot  sound  creates  a  realistic 

reverberation  effect. 

By  simply  replacing  the  one-shot  mechanical  contact  closure  with 
one  producing  a  square-wave-like  closure  and  release  pattern,  this 
same  circuit  can  be  used  to  simulate  the  firing  of  an  automatic  or 
semiautomatic  weapon.  The  collector-signal  waveform  associated 
with  each  of  these  weapons  is  illustrated  in  Fig.  4.14c. 

A  slight  modification  of  this  circuit  results  in  the  generation  of  a 
sound  effect  more  closely  associated  with  that  of  an  explosion  or 
cannon  firing.  To  accomplish  this,  a  low-pass  filter  is  added  at  the 
output  of  the  noise  source,  as  shown  in  Fig.  4.15,  to  emphasize  the 
lower-frequency  components  in  the  noise  signal,  and  in  addition 
resistor  R7  in  the  basic  circuit  given  in  Fig.  4.14fl  is  removed  to 
increase  the  decay  time.  Both  of  these  changes  tend  to  enhance  the 
"booming"  effect  of  the  sound  and  make  it  more  closely  simulate  that 
associated  with  an  explosion. 

This  same  circuit  can  also  be  used  to  produce  a  completely  differ¬ 
ent  type  of  sound  effect — that  corresponding  to  a  steam  locomotive. 
To  achieve  this,  the  mechanical  actuator  used  with  the  circuit  in  Fig. 
4.14  is  simply  bypassed,  and  the  power  supply  voltage  provided  by  a 
low-frequency  square-wave  generator.  For  this  case  the  attack  and 
decay  time  constants  of  the  waveform  are  both  the  same.  A  3-Hz 
square  wave  produces  a  "puffing"  sound  similar  to  that  of  a  train  just 
pulling  out  of  the  station,  and  an  increase  in  this  frequency  to  about 
10  Hz  makes  the  sound  emitted  resemble  that  of  a  train  moving  at 


I  Same  circuit  as  in  Fig.  4-1 4a, 
i  except  R7  removed 
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Figure  4.15  Generating  an  explosive  or  cannonlike  sound.  (Adapted 
from  Kock,  Seeing  Sound.  Fig.  4.14.) 
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Figure  4.16  Typical  jet  engine  sound  spectra. 


normal  speed.  The  train  can  be  programmed  to  accelerate  at  a  given 
rate  by  generating  the  square  wave  signal  in  a  VCO. 

Many  video  games  employ  various  types  of  aircraft.  Figure  4.16 
indicates  the  spectrum  of  sounds  emitted  by  a  typical  turbojet  air¬ 
plane.  Notice  that  as  the  plane  accelerates,  the  overall  loudness  of  the 
noise  produced  increases,  with  a  peak  developing  in  the  lower 
frequency  (100  Hz  to  1  kHz)  region.  The  reader  should  further  note 
that  the  spectrum  is  broad-based  and  contains  many  frequency 
components,  suggesting  that  a  considerable  amount  of  white  noise  is 
present  in  this  signal.  One  possible  circuit  for  simulating  the  sound 
produced  by  this  type  of  jet  plane  is  indicated  in  Fig.  4.17. 

At  the  heart  of  this  circuit  is  a  programmable  unijunction  transis¬ 
tor,  or  PUT  as  it  is  more  commonly  called.  The  device  is  basically  an 
SCR  (silicon  controlled  rectifier)  which  fires  when  the  exponentially 
rising  voltage,  VAt  at  the  anode  reaches  that  at  node  determined 
by  the  Rj  —  voltage  divider  in  the  circuit.  When  this  occurs,  the 
diode  conducts,  discharging  C3,  and  the  process  repeats  again.  In  the 
absence  of  any  white-noise  signal,  the  PUT  acts  as  a  free  running 
Oscillator  whose  frequency  may  be  varied  from  about  2  kHz  down  to 
300  Hz  by  adjusting  the  accelerate/decelerate  potentiometer  R,. 
e  addition  of  the  white-noise  signal  at  the  junction  of  R,  and  K2 


/ 


w1 


.  *  r  ?  cni  < 


modulates  the  PUT'S  tiring  voltage  and  randomizes  the  si 
produced  by  this  oscillator  (Fig.  4.17).  For  small  values  o f*  d  Spikes 
oscillations  are  at  the  high-frequency  end  of  the  spectrum  2  tIl0Se 
they  and  the  white  noise  from  the  noise  source  are  stron  7^  ^ 0t ^ 
tuated.  As  the  craft  accelerates  (that  is,  as  R ,  increases),  the  o  7^' 
frequency  decreases,  while  the  amplitude  of  both  the  white^ 
and  the  oscillator  spikes  grows  considerably.  Furthermore,  the 
frequency  of  the  low-pass  filter  formed  by  the  -  R2  ~  q  netCUt°ff 

attenuates  the  high-frequency  components  of  the  white  noise  j^th 
output  so  that  the  sound  spectrum  created  more  closely  approximate6 
that  of  a  jet  operating  at  full-throttle  conditions  (uppermost  curve  ^ 
Fig.  4.16).  ln 

The  sound  created  by  a  propeller-driven  plane  is  quite  different 
from  that  produced  by  a  jet.  In  the  main  it  consists  of  a  series  of 
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Figure  4.17  (a)  Circuit  for  simulating  sound  of  a  jet  aircraft. 
(Adapted  from  W.  E.  Olliges  et  at.,  Solid  State  Sound  Effect 
Generating  System,  U.S.  Patent  3,831,172,  Aug.  20,  1974.)  ( b ) 
Typical  output  from  circuit  given  in  (a). 
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(6?r*  ^'rcu't  to  simulate  sound  of  a  propeller-driven  aircraft; 

yp^al  output  from  circuit  qiven  in  (a).  {Adapted  from  Kock,  Seeing 
Sound,  Fig.  4.17a.) 

^mtonically  related  peaks  (Fig.  4.2c)  whose  fundamental  frequency, 
^  iscussed  in  Sec.  4.1,  is  determined  by  the  number  of  times  per 
amr  tKat  the  ProPel,er  blade  slices  through  the  air.  The  relative 
blad  l^U<?es  the  harmonics  depend  on  the  pitch  and  shape  of  the 
the  ^  Slnce  this  affects  the  form  of  the  pressure  signal  generated  by 
given^6^0^  A  s*mple  circuit  for  generating  this  type  of  sound  is 
Vv,m  Fi§-  4.18 a. 

s<luare'w‘>ve  output  of  the  VCO  goes  HI  (  +  10  \),  C?i 
,ately  saturates,  causing  the  output  to  drop  to  zero.  The 


76  Electronic  Givnes 


transistor  remains  saturated  for  about  2  ms,  using  the  circuit  compo 
nents  shown,  until  C,  charges  and  the  base  current  drops  below  ^ 
reauired  to  saturate  the  transistor.  At  this  point  the  collector  voltaoe 
rises  exponentially  toward  the  +10-V  supply  voltage.  During  the 
rising  portion  of  the  exponential,  the  transistor  is  active,  and  some  of 
the  white  noise  appears  in  the  output,  adding  a  random  character  to 
the  sound  produced  and  making  it  seem  more  realistic  (Fig.  4.18b). 
Additional  realism  may  be  obtained  by  slowly  modulating  the  VCO 
engine  speed  oscillator  with  a  2-  or  3-Hz  triangle-wave  signal  in 
response  to  increases  and  decreases  in  the  altitude  of  the  aircraft  and 
to  throttling  of  the  engine. 

—  As  one  last  sound-effect  example,  consider  the  "acoustical  image" 
which  one  associates  with  a  spaceship.  Clearly  since  most  of  us  have 


never  been  on  another  planet  or  seen  an  alien  spaceship,  the  image 
that  the  mention  of  these  words  suggests  has  a  lot  to  do  with  the  era 


in  which  we  grew  up.  Those  of  us  who  can  remember  some  of  the 
early  science  fiction  movie  thrillers,  such  as  The  Day  the  Earth  Stood 
Still  or  The  War  of  the  Worlds,  will  probably  never  forget  the  eerie 
sounds  emitted  by  the  flying  saucers  as  they  hovered  overhead  and 
as  they  fired  their  laserlike  weapons.  Both  of  these  sounds  are  easily 
generated  by  electronic  means.  The  hovering  sound  is  simply  a 
frequency-modulated  sine  or  triangle  wave  swept  through  the  300- 
Hz  to  2-kHz  frequency  range  at  a  rate  of  about  8  times  per  second. 
This  produces  a  pulsating  whistling  sound  that  has  somehow 
become  associated  with  the  sound  that  we  think  we'll  hear  when  we 
meet  our  first  flying  saucer.  To  simulate  the  firing  of  the  ship's 
"lasers,"  or  "photon-torpedoes"  if  you're  a  "Star  Trek"  fan,  the  VCO 
is  simply  switched  over  to  a  square-wave  output  during  the  duration 
of  the  shot,  and  this  much  harsher  and  louder  sound  gives  the  effect 
of  a  weapons  system  being  fired. 

The  sound  effects  described  in  this  section,  of  course,  just  barely 
scratch  the  surface  of  the  vast  array  of  acoustical  possibilities,  and  the 
reader  may  well  wonder  just  where  video  games  are  heading,  and, 
more  specifically  in  relation  to  this  chapter,  just  what  types  of  sound 
effects  will  be  found  in  tomorrow's  games.  To  be  sure,  as  these 
games  become  more  intelligent,  so  too  will  the  level  of  acoustical 
responses  they  produce.  In  fact,  it  is  highly  likely  that  these 
machines  will  soon  be  talking  back  to  the  player  in  English.  Voice 
synthesizer  read-only  memories  and  other  support  ICs  are  already 
available  in  talking  calculators  for  the  blind  as  well  as  in  special- 

. .  .  . . .  .  ^  ,  as  their  prices  continue  to  fall, 

it  is  hkely  that  these  devices  will  find  their  way  into  electronic 
games,  and  that  soon  it  may  become  commonplace  to  find  a  machine 
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verbally  consoling  a  player  about  a  recent  loss  to  it  in  a  game  of 
blackjack.  What  is  even  more  eerie  is  that,  as  electronic  speech- 
recognition  techniques  continue  to  improve,  the  day  may  come 
when  the  machine  listens  to  the  player  and  then  responds  appropri¬ 
ately  to  the  player's  comments. 


5.1  INTRODUCTION 

In  its  simplest  form  a  computer  may  be  thought  of  as  a  general- 
purpose  piece  of  electronic  hardware  that  is  programmed  by  the  user 
o  carry  out  a  specific  task.  By  changing  the  program,  or  list  of 
instructions  given  to  the  computer,  the  user  is  able  to  reconfigure  the 
machine  in  a  near-infinite  number  of  ways.  It  is  precisely  this 
characteristic,  along  with  the  "innate  intelligence"  of  the  computer, 
that  has  made  it  so  attractive  for  incorporation  into  electronic  games. 

A  general-purpose  computer  is  composed  of  five  major  building 
blocks  (Fig.  5.1):  memory,  control,  arithmetic/logic  unit  (ALU),  and 
input  and  output  sections.  As  a  carry-over  from  the  early  days  of 
computers,  the  combination  of  the  control  and  ALU  sections  is  often 
referred  to  as  the  central  processing  unit  (CPU)  of  the  machine.  The 
memory  is  used  for  storing  both  the  data  and  the  program  to  be 
executed,  while  the  ALU  is  the  area  in  the  computer  where  all  of  the 
mathematical  operations  are  performed.  Modern  computers  are  par¬ 
allel  devices,  and  therefore  several  bits  (binary  digits)  of  data  un¬ 
processed  simultaneously  within  the  ALU.  The  number  of  bits  han¬ 
dled  by  the  computer  as  a  group  is  known  as  the  computer's  xuord 
size,  and  a  group  of  8  bits  is  often  referred  to  as  a  byte.  Most 
computers  are  fixed-word-length  machines. 
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Figure  5.1  Basic  computer  building  blocks. 
(Adapted  from  Electronic  Buyers’  Handbook  and 


Directory,  vol.  8.,  CMP  Publications  Inc.,  1977.) 

Data  enters  and  leaves  the  computer  through  the  input-output 
(I/O)  sections.  Typical  I/O  devices  include  keyboards,  teletypes, 
switches,  displays,  tape  and  disk  units,  and  video  terminals.  The  last 
section  of  the  computer,  the  control  unit,  ensures  the  proper  flow  of 
data  throughout  the  machine.  Specifically,  it  is  responsible  for  all 
system  timing  and  for  routing  of  both  instructions  and  data  within 
the  CPU,  between  the  CPU  and  memory,  and  into  and  out  of  the 
processor. 

As  a  result  of  significant  technological  developments,  it  has 
become  possible  to  construct  large-scale  integrated  circuits  (LSI s) 
containing  a  computer's  entire  control  and  ALU  sections  in  a  single 
IC  package.  These  devices  are  known  as  microprocessors.  Since,  as 
shown  in  Fig.  5.1,  they  contain  two  of  the  five  basic  computer 
building  blocks,  it  is  possible  to  think  of  a  microprocessor  as  being 
two-fifths  of  a  computer.  Furthermore,  recent  technological  advances 
have  allowed  the  addition  of  memory  as  well  as  I/O  hardware  onto 
the  processor  chip,  so  that  these  newer  devices  may  be  truly  classi¬ 
fied  as  (micro)computers. 

The  microcomputer  offers  the  manufacturer  of  electronic  games 
many  important  advantages  over  conventional  digital  or  relay  logic. 
To  begin  with,  system  modifications  are  much  easier  to  make  since 
"bugs"  can  usually  be  removed  by  altering  the  software  rather  than 
the  hardware  of  the  machine.  To  do  this  the  user  need  only  replace 
that  portion  of  the  program  containing  the  error.  Since  the  program 
is  usually  stored  in  IC  read-only  memories  (ROMs),  these  changes 
can  be  easily  accomplished.  In  the  same  way,  the  manufacturer  can 
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economically  bring  out  new,  improved,  versions  of  older  games  to 
maintain  player  interest.  To  appreciate  this  new  development,  one 
only  has  to  compare  this  "chip  switching"  method  with  the  updating 
procedure  required  for  a  purely  hardware-oriented  machine.  More 
often  than  not,  when  considerable  modifications  are  required  in  the 
latter  case,  the  older  system  is  simply  scrapped  and  a  new  design 
begun. 

Designers  particularly  favor  the  use  of  microprocessors  for  the 
newer,  more  sophisticated  electronic  games,  where  their  versatility 
and  "programmable  intelligence"  have  been  found  to  offer  signifi¬ 
cant  advantages  over  conventional  digital  design  techniques.  Add  to 
these  factors  the  high  reliability,  low  parts  count,  reduced  inventory, 
and  lower  cost  of  microprocessors,  and  it  is  not  too  difficult  to  see 
why  many  of  the  newer  higher-level  electronic  games  are  relying 
heavily  on  microprocessor-based  designs. 

5.2  GENERAL  MICROPROCESSOR  ARCHITECTURE 

A  typical  microprocessor  architecture,  or  internal  structure,  consists 
of  a  control  section,  an  ALU,  and  an  array  of  interconnected  data 
storage  registers.  The  processor  illustrated  in  Fig.  5.2  contains  one 
general-purpose  register  known  as  the  accumulator  (A)  and  three 
special-purpose  registers:  the  instruction  register  (IR),  program 
counter  (PC),  and  memory  address  register  (MAR). 

The  accumulator  is  the  most  important  register  in  the  CPU  and  is 
used  in  all  data-manipulation  operations.  Generally  the  ALU  has  two 
data  inputs,  one  of  which  comes  from  the  accumulator  (A),  and  the 
other  from  either  memory,  an  input  device,  or  one  of  the  other 
registers  in  the  processor.  In  addition,  the  ALU  has  one  data  output 
path  leading  back  into  the  accumulator.  In  this  way,  for  all  arithmetic 
and  logical  operations  performed  by  this  ALU,  the  initial  contents  of 
the  accumulator  always  serve  as  one  of  the  inputs  to  the  ALU,  and 
the  final  answer  obtained  when  the  instruction  is  executed  and 
placed  back  in  the  accumulator. 

In  order  to  execute  a  program,  the  computer  basically  performs  the 
same  operations  over  and  over  again.  It  "fetches"  an  instruction  from 
memory,  figures  out  its  meaning,  and  executes  it.  The  program 
counter  (PC)  keeps  track  of  which  instruction  the  computer  is  cur¬ 
rently  processing,  and  during  each  fetch  operation  the  number  cur¬ 
rently  in  the  PC  determines  the  address  in  memory  from  which  the 
next  instruction  w  ill  be  selected.  At  the  end  of  each  regular  instruc¬ 
tion  cycle,  the  PC  is  incremented  by  one  so  that  the  subsequent 
instruction  fetched  will  be  from  the  next  location  in  memory  When  a 
lump  instruction  »s  executed,  the  contents  of  the  PC  are  replaced  bv 
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Figure  5.2  Architecture  of  a  typical  computer. 


the  address  of  the  location  to  be  jumped  to;  then,  the  next  fetch  will 
occur  from  that  address. 

As  its  name  implies,  the  memory  address  register  (MAR)  is  used 
to  address  the  memory  for  both  memory  “read"  and  “write"  opera¬ 
tions.  For  an  ordinary  instruction  fetch,  the  MAR  is  simply  loaded 
with  the  current  contents  of  the  PC,  while  for  special  memory  refer¬ 
ence  operations,  multiple  fetches  are  required.  The  first  word  fetched 
from  memory  is  placed  in  the  instruction  register  (IR)  as  usual,  while 
the  second  word  fetched  is  sent  to  the  MAR  to  address  the  memory 
prior  to  executing  the  instruction.  This  concept  is  explicitly 
described  in  Sec.  5.4. 

Instructions  fetched  from  memory  are  placed  in  the  IR,  where  they 
are  decoded  (interpreted)  by  the  control  unit.  The  total  number  of 
instructions  that  a  machine  is  capable  of  executing  is  known  as  its 
instruction  set.  The  versatility  and  power  of  a  particular  microproces¬ 
sor  are  determined,  to  a  large  extent,  by  the  quality  and  quantity  of 
instructions  contained  in  its  particular  instruction  set.  Most  micro- 
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processors  have  fixed  instruction  sets,  but  a  few,  termed  microvro- 
^ nimmable ,  allow  the  user  to  develop  special  instructions.  These 
machines,  while  certainly  more  difficult  to  apply,  offer  the  designer  a 
near-optimal  way  to  implement  a  specific  application  problem. 

In  order  to  solve  problems  by  using  a  computer,  the  user  must 
express  the  problem  in  an  ordered  sequence  of  instructions  that  can 
be  understood  by  the  machine.  This  list  of  instructions  is  known  as  a 
computer  program.  In  preparing  a  specific  program,  the  operator 
would  probably  prefer  to  write  it  in  a  familiar  language,  e.g., 
English.  Unfortunately,  the  computer  can  only  understand  binary 
coding.  Therefore  some  type  of  translation  is  required,  and  depend¬ 
ing  on  the  sophistication  and  cost  of  the  machine,  the  translation 
burden  rests  either  with  the  computer  or  with  the  operator. 

In  the  most  primitive  machines  the  program  is  entered  in  pure 
binary  notation  ( machine  language);  however,  binary  words  contain 
long  strings  of  ones  and  zeros  and  are  extremely  difficult  to  work 
with  for  all  but  the  shortest  programs.  One  improvement  on  this 
approach  is  to  group  several  bits  together  and  replace  them  by  an 
equivalent  symbol.  This  results  in  shorter  expressions  which  are 
easier  to  remember,  view,  and  enter  on  a  keyboard.  The  hexadecimal 
number  sytem  makes  use  of  4-bit  groups  and  is  listed  in  Table  5.1 
along  with  its  binary  and  decimal  equivalents  for  comparison. 


TABLE  5.1  COMPARISON  OF  DECIMAL, 
BINARY,  AND  HEXADECIMAL  NUMBERS 


Decimal 
(Base  20) 

Binary 
(Base  2) 

Hexadecimal 
(Base  16) 

0 

0000 

0 

1 

0001 

1 

2 

0010 

2 

3 

0011 

3 

4 

0100 

4 

5 

0101 

5 

6 

0110 

6 

7 

0111 

7 

8 

1000 

8 

9 

1001 

9 

10 

1010 

A 

11 

1011 

B 

12 

1100 

C 

13 

1101 

D 

14 

1110 

E 

15 

1111 

F 

16 

10000 

10 
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TABLE  5.2  COMPARISON  OF  MACHINE  LANGUAGE  AND  assfmd 
LANGUAGE  INSTRUCTIONS  MBLY 


Machine  language 

Assembly 

language 

mnemonic 

Binary 

code 

Hexadecimal 

code 

1101  0101 

B5 

CLA 

0100  1101 

4D 

STOP 

0111  0011 

73 

STO  51 

0101  0001 

51 

1111  0010 

F2 

ADD  25 

0010  0101 

25 

Ale aning 


Clear  accumulator. 

Stop  further  program 
execution. 

Store  accumulator  in 
memory  location  51. 

Add  contents  of  memory 
location  25  to  A. 


SOURCE;  Kock.  Seeing  Sound,  Wiley,  Fig.  5.1. 

While  the  hexadecimal  system  offers  a  significant  improvement 
over  binary  coding,  it  too  is  still  a  foreign  language  to  the  operator 
and  becomes  tedious  when  long  programs  must  be  written.  For  such 
cases,  some  type  of  mnemonic  or  symbolic  shorthand  notation  more 
representative  of  the  type  of  operation  to  be  performed  is  preferred. 
A  list  of  several  typical  instructions,  along  with  their  binary,  hexade¬ 
cimal,  and  mnemonic  equivalents,  is  given  in  Table  5.2.  It  seems 
clear  that  it  would  be  much  easier  for  the  programmer  who  wants  to 
clear  the  accumulator  to  remember  the  instruction  CLA  rather  than 
its  hexadecimal  equivalent  B5  (or,  worse  yet,  1011  0101). 

Programs  using  mnemonics  instead  of  machine  language  state¬ 
ments  are  known  as  assembly  language  programs  and  require  a  special 
program  known  as  an  assembler  to  translate  them  into  machine 
language  for  eventual  use  by  the  computer. 

5.3  SUBROUTINES,  NESTING,  AND  THE  STACK 

In  writing  programs,  it  is  often  found  that  certain  groups  of  instruc¬ 
tions  are  repeated  over  and  over  again.  For  example,  in  a  specific 
application  program  it  might  be  necessary  to  multiply  two  numbers 
together  at  several  different  points  in  the  program.  The  group  ° 
instructions  required  to  multiply  these  two  numbers  is  shown  by  t  e 
box  labeled  "MULT"  in  Fig.  5.3 a. 

One  alternative  to  this  approach,  which  is  usually  more  efficient  m 
terms  of  memory  size  required,  is  to  set  up  this  group  of  instructions 
as  a  small  program  of  its  own  known  as  a  subroutine.  Thereafter, 
whenever  it  is  necessary  to  multiply  two  numbers  together  in 
program,  the  MULT  subroutine  is  "called,"  the  multiplication  is 
performed,  and  the  answer  is  "returned"  to  the  main  program. 
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Figure  5.3  Utilization  of  subroutines  in  program  design. 

As  can  be  seen  from  Fig.  5.3 b,  a  problem  can  arise  concerning 
where  to  return  when  the  subroutine  is  called  from  several  different 
points  in  the  main  program.  To  find  its  way  back  to  the  point  in  the 
main  program  which  initiated  the  original  subroutine  call,  the  com¬ 
puter  saves  the  return  address  in  a  temporary  storage  area  known  as 
a  stack.  The  stack  gets  its  name  from  the  method  used  for  storing 
dishes  in  cafeterias  (Fig.  5.4).  Flere  the  last  dish  "pushed"  onto  the 
stack  will  be  the  first  one  "popped"  off.  The  subroutine  address  stack 
operates  in  a  similar  fashion.  When  the  subroutine  is  called,  the 
caller's  address  is  pushed  onto  the  top  of  the  stack,  and  when  the 
return  instruction  is  executed,  it  is  popped  off  the  stack  and  placed  in 
the  PC,  so  that  the  program  execution  resumes  in  the  main  program 
at  the  location  following  the  original  call  instruction.  Note  that  the 
computer  can  also  "nest"  subroutines,  that  is,  have  one  subroutine 
call  another,  etc.,  and  still  be  able  to  find  its  way  back  to  the  main 
program. 


Figure  5.4  The  stack. 
( Adapted  from  Kock,  Seeing 
Sound,  Fig.  5.1.) 


Dishes  on 
the  stack 


? 
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Often  as  part  of  the  execution  of  a  subroutine,  the  contents  of 
certain  registers  in  the  CPU  may  be  altered.  If  these  quantities  are 
needed  by  the  main  program,  they  may  be  saved  by  pushing  them 
onto  the  stack  prior  to  calling  the  subroutine  and  popping  them  back 
on  returning  to  the  main  program. 

Two  different  types  of  stacks  are  found  in  microcomputers.  The 
first  is  known  as  a  hardware  stack  and  uses  a  special  group  of 
registers  within  the  CPU  for  storing  these  return  addresses.  These 
registers  are  useful  in  that  external  memory  need  not  be  allocated, 
but  the  hardware  stack  has  limited  nesting  capability  owing  to  its 
small  size.  The  second  type,  called  a  software  stack,  uses  RAM 
locations  for  address  storage.  Although  more  difficult  to  set  up,  this 
type  of  stack  provides  virtually  unlimited  storage  for  return 
addresses  and  register  contents  which  must  be  saved.  In  a  software 
stack  the  current  top  of  the  stack  is  "pointed  to"  by  the  stack  pointer 
register  internal  to  the  CPU. 


5.4  MICROPROCESSOR  EXECUTION  OF  A  SAMPLE  PROGRAM 

In  order  to  illustrate  how  a  microcomputer,  or  for  that  matter  how 
any  computer,  operates,  it  is  useful  to  trace  through  the  execution  of 
a  sample  program  such  as  that  in  Fig.  5.5.  This  illustrative  program 
involves  the  solution  of  the  equation 

Z  =  X  +  Y 

for  the  case  where  X  =  5  and  Y  =  4.  To  formulate  this  problem  for 
solution  by  the  computer,  the  data  (i.e.,  the  values  of  5  and  4  for  X 
and  Y)  will  be  stored  in  memory  along  with  the  program  (Fig.  5.5b), 
and  the  final  answer  Z  will  be  placed  at  a  specific  location  in 
memory.  Memory  locations  00  to  07  are  reserved  for  the  program,  20 
to  21  for  the  data,  and  25  for  the  answer  Z.  It  should  be  noted  that 
some  of  the  instructions,  specifically  those  which  refer  to  memory 
(memory  reference  instructions),  are  multiword  instructions,  where 
the  first  word  identifies  the  type  of  operation  to  be  performed  and 
the  second  word  the  location  of  the  data  to  be  used. 

The  flowchart  in  Fig.  5.5a  shows  diagrammatically  how  the  pro¬ 
gram  will  proceed  when  it  is  executed,  and  the  specific  program 
execution  sequence  is  given  in  Fig.  5.5c. 

To  fetch  an  instruction  from  memory,  the  contents  of  the  PC  are 
placed  in  the  MAR,  a  memory-read  operation  is  performed,  and  the 
contents  of  the  addressed  word  placed  in  the  instruction  register.  If 
the  instruction  is  of  the  multiword  type  previouslv  discussed,  then 
additional  fetches  will  be  required.  This  information  will  be  placed 
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in  the  MAR  and  used  to  address  memory  in  order  to  provide  the 
additional  information  needed  during  the  execution  phase  of  the 
instruction  cycle. 

Referring  to  the  sample  program  in  question,  consider  that  pro¬ 
gram  execution  begins  with  the  PC  contents  initially  equal  to  zero. 
Thus,  the  first  fetch  will  occur  from  memory  location  00  and  will  be 
the  clear  accumulator  (CLA)  instruction.  When  this  instruction  is 
executed,  the  accumulator  will  be  cleared  to  zero  (see  Fig.  5.5c).  The 
next  fetch  (from  memory  location  01)  will  be  the  ADD  instruction, 
which  is  a  multiword  instruction  and  will  therefore  require  two 
fetches  before  execution.  During  the  second  fetch  (from  location  02), 
the  address  of  the  variable  X  (the  number  20)  will  be  placed  in  the 
MAR.  In  this  way,  during  the  execute  phase  of  this  instruction,  the 
data  contained  at  location  20  (the  number  5)  will  be  added  to  that 
already  in  the  accumulator  (the  number  0)  and  the  result  placed  in 
the  accumulator.  Program  execution  will  continue  along  sequentially 


^  START  ^ 


Mnemonic  for 

stored 

machine 

language 

instruction 

CLA 

ADD  X 


ADD  V 


STO  Z 


STOP 


5 

4 


Hex  code* 
B5 
F2 

20 
F2 

21' 

73 

25 


Address 

location 

00 

01 


02 

03 

04 

05 

06 

07 


20 

21 


25 


Meaning 


Clear  accumulator. 

Add  X  (location  20) 
to  accumulator 


Add  Y  (location  21) 
to  accumulator. 

Store  the  contents  of 
accumulator  (Z)  in 
location  25 

Stop  further  program 
execution. 


Data  X 
Data  Y 


Answer  Z  will  be 
here  after  program 
execution 


Program 


Data 


’Taken  from  codes  given  in  Table  5  2 


(a)  (b) 

Figure  5.5  (a)  Flowchart  for  execution  of  the  sample  program;  (b)  memory 

organization  for  the  sample  program.  (Adapted  from  Kock,  Seeing  Sound, 
Fig.  5.1.) 
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Memory 

PC 

A  MR 

IR 

A 

location  Z 

Ojterations  performed 

0 

? 

? 

? 

? 

Initial  register  contents 

0 

I 

0 

CLA 

? 

? 

a )  Place  PC  in  MAR,  fetch  1st  instruction 

and  place  in  IR 

1 

0 

CLA 

0 

? 

b)  Execute  1st  instruction  and  increment 

i 

PC. 

1 

1 

ADD 

0 

? 

a)  Place  PC  in  MAR  and  fetch  2d 

instruction 

2 

2 

ADD 

0 

? 

b)  Increment  PC,  place  in  MAR 

2 

21 

ADD 

0 

? 

c)  Fetch  2d  word  and  place  in  MAR 

3 

21 

ADD 

4 

? 

d)  Execute  2d  instruction  and  increment 

PC. 

3 

3 

ADD 

5 

? 

a)  Place  PC  in  MAR  and  fetch  3d 

I 

: 

instruction. 

4 

4 

ADD 

5 

? 

b)  Increment  PC,  place  in  MAR 

4 

22 

ADD 

5 

? 

c)  Fetch  2d  word  to  place  in  MAR 

5 

22 

ADD 

9 

? 

d)  Execute  3d  instruction  and  increment 

PC. 

1  5 

5 

STO 

9 

? 

a)  Place  PC  in  MAR  and  fetch  4th 

instruction. 

6 

6 

STO 

9 

? 

b)  Increment  PC,  place  in  MAR. 

6 

25 

STO 

9 

? 

c)  Fetch  2d  instruction  word  and  place 

| 

in  MAR. 

7 

25 

STO 

9 

9 

d)  Execute  4th  instruction  and  increment 

PC. 

7 

7 

STOP 

9 

9 

a)  Place  PC  in  MAR  and  fetch  5th 

instruction. 

7 

7 

STOP 

9 

9 

b)  Execute  5th  instruction. 

MACHINE  STOPS 

Figure  5.5  (c)  Program  execution  sequence. 


in  this  fashion  until  the  stop  instruction  is  executed,  terminating  the 
program.  If  at  this  point  the  contents  of  location  25  are  examined,  the 
answer  to  the  problem,  the  number  9,  will  be  found. 

At  this  point  the  reader  may  well  wonder  why  the  stop  instruction 
is  needed.  After  all,  it  would  seem  that  the  program  is  essentially 
finished  after  the  STO  Z  instruction  is  completed.  However,  consider 
for  a  moment  what  would  happen  if  no  stop  instruction  were 
employed  and  the  program  simply  ended  at  location  07.  On  comple¬ 
tion  of  this  last  instruction  in  the  program,  the  computer  would  keep 
right  on  going  and,  therefore,  the  PC  would  be  incremented  as  usual, 
a  fetch  would  be  made  from  the  next  memory  location  (address  08), 
instruction  found  at  that  location  would  be  executed  by 
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the  machine.  Just  what  “instruction”  this  would  be,  and  what  would 
happen  when  it  was  executed,  would  depend  entirely  on  what 
specific  numbers  happened  to  be  at  that  memory  location.  Further¬ 
more,  this  process  would  continue  throughout  the  memory,  with  the 
computer  indiscriminantly  fetching  and  executing  everything  in  its 
path.  During  this  process  it  is  highly  likely  that  the  computer  would 
modify  or  destroy  the  original  program,  and  therefore  some  type  of 
programming  technique  is  required  to  prevent  the  computer  from 
drifting  into  “forbidden”  memory  regions. 

One  method  of  achieving  this,  besides  using  the  stop  instruction 
previously  discussed,  is  to  employ  a  jump  instruction.  A  jump  is  a 
multiword  instruction;  the  first  word  informs  the  computer  that  the 
current  instruction  is  to  be  a  jump,  and  the  second  word  tells  it  what 
address  to  jump  to.  To  execute  this  instruction,  the  computer  simply 
places  the  second  word  directly  into  the  PC  so  that  the  next  instruc- 


Figure  5.6  Use  of  the  jump  instruction  to  prevent  entry  into 
forbidden  memory  regions. 


90  ilrctrouic  Games 


tion  fetched  will  be  from  that  location.  Two  possible  program  im 
mentation  schemes  using  unconditional  jumps  are  illustrated  in  the 
flowcharts  given  in  Fig.  5.6.  When  executing  the  program  illustrated 
in  Fig.  5.6<?,  the  computer  will  continuously  loop  through  the  entire 
program,  while  with  that  given  in  Fig.  5.6b  the  machine  will  execute 
the  program  once  and  then  "hang  itself  up"  in  a  tight  loop  at  the 
bottom  of  the  program.  With  either  approach,  however,  during 
program  execution  the  computer  will  always  remain  in  the  "allowed" 
sections  of  memory. 


5.5  INTERFACING  MICROPROCESSORS  TO  I/O  DEVICES 

The  microprocessor's  I/O  channels  are  its  link  to  the  outside  world. 
Data  generally  leaves  from  the  processor's  accumulator  and  is  "writ¬ 
ten"  into  selected  output  ports  or  is  "read"  into  the  accumulator  from 
a  specific  input  port.  The  simplest  input  and  output  ports  contain 
tristate  logic,  and  latches,  respectively  (Fig.  5.7).  Tristate  (or  three- 
state)  devices  essentially  behave  like  electronically  controlled 
switches,  and  thus  many  of  these  may  be  simultaneously  "hung" 
onto  the  data  bus  as  long  as  only  one  is  active  at  a  time.  Latches ,  on 
the  other  hand,  are  simply  multibit  storage  devices  which  can 
"memorize"  the  contents  of  the  data  bus  on  command. 

Information  on  the  data  bus  is  continually  changing,  and  therefore 
when  the  processor  wishes  to  read  data  from  an  input  port  into  the 
accumulator,  it  sends  out  an  IN  pulse,  which  tells  the  device  when  to 
place  its  data  on  the  bus.  Conversely,  to  write  data  from  the  accumu¬ 
lator  into  an  output  port,  the  processor  generates  an  OUT  pulse  to 
inform  this  port  when  the  data  on  the  bus  is  stable  and  may  be 
latched. 

For  systems  containing  more  than  one  I/O  port,  some  mechanism 
must  also  be  provided  for  distinguishing  between  them.  This  is 
accomplished  by  assigning  different  addresses  to  each  port.  The 
address  information  is  then  combined  with  the  appropriate  IN  or 
OUT  pulse  to  activate  the  selected  device.  Consider,  for  example,  the 
design  of  a  single  output  port  for  a  processor  capable  of  addressing 
2H,  or  256,  different  output  channels.  To  select  one  specific  port,  the 
processor  will  need  to  generate  an  8-bit  address,  and  therefore  each 
of  the  system's  I/O  ports  will  require  an  8-bit  (1  out  of  256)  address 
decoder.  For  the  circuit  shown  in  Fig.  5.7,  the  port  has  been  assigned 
the  number  3,  and  therefore  if  a  03  (00000011)  address  is  present  at 
the  same  time  that  the  OUT  pulse  occurs,  then  the  information  on  the 
processor  data  bus  at  that  time  will  be  latched  into  this  output  port 
For  systems  requiring  significant  numbers  of  I/O  ports,  the  logic 
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Figure  5.7  Connecting  an  I/O  port  to  a  microprocessor. 


gate  decoder  approach  discussed  above  soon  becomes  unwieldy,  and 
some  form  of  medium-scale  integration  (MSI)  decoder  circuit  is 
preferred.  One  example  of  this  port-expansion  technique  is  shown  in 
Fig.  5.8.  Here  the  outputs  are  normally  high.  However,  when  a 
specific  line  is  addressed  and  the  proper  enable  signals  occur,  the 
selected  output  line  goes  LO,  and  the  proper  port  is  activated.  By 
connecting  the  four  least  significant  bits  of  the  address  lines  to  the 
decoder  inputs,  and  the  remaining  address  lines  and  OUT  pulse 
signal  to  the  enable  inputs  shown  in  the  figure,  up  to  16  output  ports 
may  be  controlled. 

In  some  microprocessors  special  instructions  are  not  employed  for 
I/O  operations.  Instead,  I/O  devices  are  treated  as  though  they  were 
memory  locations.  This  approach  is  advantageous  because  then 
many  special  memory-reference  instructions  can  be  used  with  the  1/ 
O  devices.  These  include  register-to-memory  data  transfers,  as  well 
as  instructions  to  increment,  decrement,  and  test  the  contents  of 
memory  locations.  However,  this  increase  in  versatility  is  not  with¬ 
out  cost.  Memory  address  busses  are  usually  much  larger  than  spe¬ 
cial-purpose  I/O  busses,  and  therefore  systems  employing  this  type 

memory-based  I/O  will  require  larger  and  more  complex  port- 
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select  decoder  logic.  In  addition,  the  instructions  needed  to  address 
memory  are  usually  longer,  and  hence  programs  written  using  this 
approach  will  generally  require  more  memory  space  and  will  take 
longer  to  execute. 


5.6  SPECIAL  MICROPROCESSOR  CONTROL  SIGNALS  AND 
OPERATIONS 

The  circuit  shown  in  Fig.  5.9  is  that  of  a  typical  8-bit  microprocessor. 
Most  of  the  device  terminal  functions  are  self-evident,  with  the 
exception  perhaps  of  the  RESET,  WAIT,  READY,  interrupt  request 
(INT  REQ),  interrupt  acknowledge  (INTA),  hold  (HLD),  and  hold 
acknowledge  (HLDA)  lines. 

The  RESET  input  initializes  the  processor  either  on  initial  power- 
up  or  on  operation  of  the  front  panel  “reset"  switch.  In  most  proces¬ 
sors,  activating  the  RESET  line  clears  the  program  counter,  so  that  on 
release  of  this  control  signal,  program  execution  begins  from  mem¬ 
ory  location  zero.  The  remaining  control  and  status  signals  are  asso¬ 
ciated  with  the  transfer  of  data  in  and  about  the  microcomputer 
system. 
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I  ho  READY  control  input  and  the  WAIT  status  signal  are 
employed  together  to  permit  the  microprocessor  to  operate  with 
"slow"  memories.  Whenever  the  CPU  addresses  this  particular 
memory,  special  circuits  within  this  section  of  memory  send  back  a 
control  signal  which  pulls  down  the  processor's  READY  line  This 
causes  the  CrU  to  enter  a  WAIT  state,  suspending  further  program 
execution  and  allowing  the  memory  extra  time  to  respond.  After  a 
predetermined  length  of  time,  the  memory-logic  releases  the  READY 
line,  and  the  CPU  resumes  its  normal  activity.  Additional  electronics 
may  also  be  added  onto  the  WAIT  and  READY  lines  to  single-step 
the  processor,  a  feature  particularly  useful  when  debugging 
programs. 

The  remaining  device  lines  control  the  transfer  of  data  to  and  from 
external  I/O  devices.  In  Sec.  5.5  we  discussed  one  specific  method  of 
data  I/O,  in  which  the  CPU  completely  controls  the  data  transfer 
operation.  When  using  this  technique,  the  CPU  either  transfers  data 
to  the  I/O  ports  whenever  it  gets  around  to  it  or  else  "polls"  each  port 
and  generates  a  data  transfer  when  requested.  While  this  approach  is 
valid  for  certain  types  of  I/O  data  transfers,  it  is  wholly  inadequate 
when  immediate  processor  attention  to  a  particular  device  is 
required  or  when  large  blocks  of  data  must  be  rapidly  transferred. 
For  these  cases  interrupt  and  direct  memory  access  (DMA),  respec¬ 
tively,  are  the  indicated  choices. 


Power 


Clock 


(f)  p 


Data  bus  (8) 


INT  REQ 


I  NT  A 
HOLD  — 


HLDA 


Microprocessor 


Address  bus  (16) 


Read/write 
^  j  memory 

|  IN/OUT 

WAIT 
- READY 


Reset 


'9ure  5.9  Typical  microprocessor  pinout. 
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The  use  of  an  interrupt  I/O  scheme  allows  an  external  device  to  p 
the  attention  of  the  CPU  immediately  by  interrupting  it.  Once  inter¬ 
rupted,  the  processor  suspends  its  current  activity,  "services  the 
interrupt,"  and  then  returns  to  its  original  task.  As  an  example  of  the 
utility  of  this  approach,  consider  the  interfacing  of  a  keyboard  to  a 
microprocessor  as  shown  in  Fig.  5.10.  If  a  polling  approach  is  used 
the  processor  has  to  spend  all  of  its  time  checking  bit  D 7  on  the  input 
port  in  order  to  determine  if  a  key  has  been  struck.  If,  instead,  the 
strobe  output  of  the  keyboard  is  connected  to  the  interrupt  line  on 
the  processor,  the  CPU  can  usefully  accomplish  other  tasks,  com¬ 
pletely  ignoring  the  keyboard  except  when  it  needs  service.  In  this 
way,  when  a  key  is  struck,  an  interrupt  will  occur,  and  the  processor 
will  enter  its  service  routine,  read  the  keystroke  data  from  the  input 
port  into  the  accumulator,  properly  store  it,  and  then  return  to  the 
main  program.  Most  microprocessors  also  have  a  vectored  interrupt 
capability,  which  permits  them  to  respond  to  several  different  types 
of  interrupt  instructions,  branching  to  specific  service  routines 
appropriate  to  each. 

The  hold  (HLD)  and  hold-acknowledge  (HLDA)  lines  on  the  pro¬ 
cessor  are  utilized  during  direct  memory  access  (DMA)  data  trans- 


(a) 


(b) 

Figure  5.10  Keyboard  interfacing  techniques,  (a)  Polling  approach 
(b)  interrupt  approach. 
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Figure  5.11  Direct  memory  access  (DMA)  for  I/O  devices. 


fers.  DMA  is  particularly  useful  for  transferring  large  blocks  of  data 
between,  say,  a  disk  drive  or  magnetic  tape  and  main  memory.  Here, 
proceeding  by  the  usual  route  of  reading  data  from  an  input  port  into 
the  accumulator  and  then  writing  it  into  main  memory  is  just  too 
slow.  With  a  DMA  approach  the  accumulator,  and  in  fact  the  entire 
processor,  is  bypassed,  and  the  transfer  operation  is  controlled  by 
external  hardware  (see  Fig.  5.11). 

To  initiate  this  process  on  receipt  of  a  DMA  request,  the  processor 
is  placed  in  a  HOLD  state.  This  tristates  the  address  and  data  buses 
and  effectively  disconnects  the  microprocessor  from  the  circuit.  In 
addition  it  generates  a  HLDA  signal,  activating  the  DMA  controller. 
The  controller  now  takes  over  the  data  and  address  buses  and 
directly  supervises  the  data  transmission  between  the  main  memory 
and  the  selected  I/O  device.  When  the  data  transfer  is  completed,  the 
controller  interrupts  the  processor,  releasing  it  from  the  hold  state, 
and  normal  program  execution  resumes. 

5.7  A  SAMPLE  MICROPROCESSOR— THE  8080 

The  8080  microprocessor  is  a  powerful  single-chip  8-bit  CPU  con¬ 
taining  a  highly  versatile  set  of  78  instructions.  It  has  a  16-bit  address 
bus  and  an  8-bit  data  bus,  which  are  brought  out  to  separate  pins  on 
the  processor,  reducing  the  need  for  external  multiplexing  of  data.  In 
addition  to  supporting  up  to  65  kilobytes  of  RAM  and  ROM,  the  8080 
can  directly  address  256  input  and  output  ports. 

The  internal  architecture  of  the  8080  may  be  divided  into  four 
major  sections  (Fig.  5.12):  the  register  array  and  address  logic,  the 
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Internal  data  bus 


Data  bus  (8)  Address  bus  (16) 

Figure  5.12  Internal  structure  of  the  8080.  ( Adapted  from  Intel  8080 
Microcomputer  System  User’s  Manual,  1975.) 

arithmetic/logic  unit,  the  IR  and  control  unit,  and  the  bidirectional 
(3-state)  data  bus  buffers.  The  CPU  contains  an  8-bit  accumulator,  six 
8-bit  scratchpad  data  registers,  a  16-bit  program  counter,  a  16-bit 
stack  pointer,  an  8-bit  instruction  register,  and  a  testable  flags  regis¬ 
ter.  Depending  on  the  results  of  the  specific  instructions  executed  by 
the  CPU,  different  bits  (C,  P,  AC,  Z,  S)  in  the  flags  register  will  be 
affected.  The  C  flag  bit  is  set  when  a  carry  is  produced,  P  when  the 
parity  is  even,  AC  when  an  auxiliary  carry  is  produced,  Z  when  the 
result  is  zero,  and  S  when  the  sign  of  the  result  is  negative. 

The  8080  instruction  set  includes  decimal  as  well  as  binary  arith¬ 
metic,  conditional  branching,  logical  operations,  and  many  types  of 
register-to-register  and  memory-reference  instructions.  A  full 
instruction  cycle,  that  is,  the  time  required  to  fetch  and  execute  a 
single  instruction,  requires  anywhere  from  4  to  17  clock  cycles  for 
completion,  depending  upon  the  type  of  instruction.  Instructions 
such  as  "ADD  B  REGISTER  TO  ACCUMULATOR"  need  only  a  few 
clock  cycles  because  they  are  carried  out  entirely  within  the  CPU, 
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while  the  coll  instruction,  for  example,  requires  many  more  clock 
cycles,  since  the  return  address  must  first  be  pushed  onto  the  stack, 
and  then  a  jump  executed  to  the  selected  area  in  memory.  The  8080A 
microprocessor  has  a  maximum  clock  speed  of  2  MHz,  and  thus 
instruction  execution  times  on  this  processor  can  vary  anywhere 
from  2  to  8.5  fxs.  The  number  of  clock  cycles  associated  with  each  of 
the  8080  instructions  is  given  in  the  rightmost  column  of  Table  5.3. 
For  some  instructions  (the  conditional  call  and  return)  two  cycle 
times  are  given;  conditional  calls  (returns)  require  fewer  clock  cycles 
if  the  test  being  made  fails,  since  then  no  call  (return)  is  executed. 

Let's  examine  the  instruction  set  a  bit  more  closely.  Each  of  the  8- 
bit  data  registers  (A,  B,  C,  D,  E,  H,  L)  may  be  individually  loaded, 
incremented,  decremented,  and  tested.  In  addition,  they  may  also  be 
grouped  together  as  16-bit  register  pairs  (B  and  C,  D  and  E,  H  and  L), 
with  similar  operations  possible.  The  HL  register  pair  can  also  be 
used  as  a  pointer  to  memory;  that  is,  it  is  possible  to  store  or  retrieve 
data  from  a  memory  location  whose  address  is  given  (pointed  to)  by 
the  contents  of  the  HL  pair.  This  addressing  technique  is  particularly 
useful  for  rapidly  accessing  sequential  lists  of  data  in  memory. 
Several  types  of  higher-accuracy  double-word-length  arithmetic 
instructions  are  also  available  for  use  with  these  register  pairs. 

The  8080  has  a  16-bit  stack  pointer  register  which  permits  any 
portion  of  external  RAM  to  be  used  as  a  last-in-first-out  stack 
allowing  for  nearly  unlimited  subroutine  nesting.  A  special  instruc¬ 
tion  (LXI  SP)  is  used  to  initialize  the  location  of  the  stack.  In  addition 
o  saving  addresses,  it  is  also  possible  to  save  the  contents  of  all  the 
ata  registers  as  well  as  those  of  the  accumulator  and  flags  registers 
by  employing  the  PUSH  and  POP  instructions.  These  are  especially 
useful  for  servicing  interrupts  since  the  status  of  the  various  registers 

POpL6  hTt  °T  the  SlaCk  bef°re  SerVid"S  ‘he  interrupt  ^nd 

UI  ed  back  when  the  processor  returns  to  the  main  program. 

A  complete  discussion  of  these  instructions  will  be  given  in  Chan 
£  However,  for  reference,  a  listing  of  the  entire  8080  Instruction  set 

ini  I  ln  7abIe  5-3'  which  contains  information  on  what  each 
truction  does,  the  mnemonic  symbol  used  to  represent  it  th 

,Xiam7r bytes  needed » store  * «» 


1 

0 

1 


No  effect 

Set  or  reset  depending  on  result 
Reset  to  0 
Set  to  1 


TABLE  5.3  8080  INSTRUCTION  SET 


Mnemonic _ Descrip  tio  n 


MOV  r,ja 
MOVE  M,r 
MOV  r,  M 
MVI  r 
MVI  M 


Move  register  to  register 
Move  register  to  memory 
Move  memory  to  register 
Move  immediate  to  register 
Move  immediate  to  memory 


HLT  Halt 


INR  r 
DOR  r 
INR  M 
DCR  M 


Increment  register 
Decrement  register 
Increment  memory 
Decrement  memory 


ADD  r 
ADC  r 
SUB  r 
SBB  r 

ANA  r 
XRA  r 
ORA  r 
CMP  r 
ADD  M 
ADC  M 
SUB  M 
SBB  M 

ANA  M 
XRA  M 
ORA  M 


Add  register  to  A 
Add  register  to  A  with  carry 
Subtract  register  from  A 
Subtract  register  from  A  with 
borrow 

AND  register  with  A 
Exclusive-OR  register  with  A 
OR  register  with  A 
Compare  register  with  A 
Add  memory  to  A 
Add  memory  to  A  with  carry 
Subtract  memory  from  A 
Subtract  memory  from  A  with 
borrow 

AND  memory  with  A 
Exclusive-OR  memory  with  A 
OR  memory  with  A 


Number  F lags  affected 
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o  t  t 

7  0  t  t 

7  0  t  t 


CMP  M 

Compare  memory  with  A 

1 

ADI 

Add  immediate  with  A 

2 

ACI 

Add  immediate  with  A  with  carry 

2 

SUI 

Subtract  immediate  from  A 

2 

SBI 

Subtract  immediate  from  A  with 
borrow 

2 

ANI 

And  immediate  with  A 

2 

XRI 

Exclusive-OR  immediate  with  A 

2 

ORI 

OR  immediate  with  A 

2 

CPI 

Compare  immediate  with  A 

2 

7 

7 

7 

7 

7 

7 

7 

7 

7 


RLC 

RRC 

RAL 

RAR 


JMP 

JC 

JNC 

JZ 

JNZ 

JP 

JM 

JPE 

JPO 


CALL 

CC 

CNC 

cz 

CNZ 

CP 

CM 

CPE 

CPO 


Rotate  A  left  (shift) 

Rotate  A  right  (shift) 

Rotate  A  left  through  carry  (shift) 

Rotate  A  right  through  carry 
(shift) 

1 

1 

1 

1 

4 

4 

4 

4 

Jump  unconditional 

3 

10 

Jump  on  carry 

3 

10 

Jump  on  no  carry 

3 

10 

Jump  on  zero 

3 

10 

Jump  on  nonzero 

3 

10 

Jump  on  positive 

3 

10 

Jump  on  minus 

3 

10 

Jump  on  parity  even 

3 

10 

Jump  on  parity  odd 

3 

10 

Call  unconditional 
Call  on  carry 
Call  on  no  carry 
Call  on  zero 
Call  on  nonzero 
Call  on  positive 
Call  on  minus 
Call  on  parity  even 
Call  on  parity  odd 


3 

3 

3 

3 

3 

3 

3 

3 

3 


17 

11/17 

11/17 

11/17 

11/17 

11/17 

11/17 

11/17 

11/17 


t 

0 

0 

0 

0 

0 

0 

0 
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t 

l 

t 
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I 

1 

J 

f 

i 

I 

I 

I 

t 

I 


TABLE  5.3  8080  INSTRUCTION  SET  (Continued) 


Mnemonic 


RET 

RC 

RNC 

RZ 

RNZ 

RP 

RM 

RPE 

RPO 


RST 

IN 

OUT 

El 

Df 

NOP 


LXI  B 
LXI  D 
LXI  H 

LXI  SP 

PUSH  B 
PUSH  D 
PUSH  H 
PUSH  PSW 
POP  B 


Description 

Return 

Return  on  carry 
Return  on  no  carry 
Return  on  zero 
Return  on  nonzero 
Return  on  positive 
Return  on  minus 
Return  on  parity  even 
Return  on  parity  odd 

Restart 

Input 

Output 

Enable  interrupt 
Disable  interrupt 
No  operation 

Load  immediate  register  pair  B  & 
C 

Load  immediate  register  pair  D  & 
E 

Load  immediate  register  pair  H  & 
L 

Load  immediate  stack  pointer 

Push  register  pair  B  &  C  on  stack 
Push  register  pair  D  &  E  on  stack 
Push  register  pair  H  &  L  on  stack 
Push  A  and  flags  on  stack 
Pop  register  pair  B  &  C  off  stack 


Number 
of  bytes 

1 

1 

1 

1 

1 

1 

1 

1 

_J _ 

1 

2 

2 

1 

1 

_J _ 

3 

3 

3 

3 

1 

1 

1 

1 

1 


Number 
of  clock 
cycles 

10 

5/11 

5/11 

5/11 

5/11 

5/11 

5/11 

5/11 

5/11 


11 

10 

10 

4 

4 

4 


10 

10 

10 

10 


11 

11 

11 

11 

10 


POP  D 

Pop  register  pair  D  &  E  off  stack 

POP  H 

Pop  register  pair  H  &  L  off  stack 

POPPSW 

Pop  A  and  flags  off  stack 

STA 

Store  A  direct 

LDA 

Load  A  direct 

XCHG 

Exchange  D  &  E,  H  &  L  registers 

XTHL 

Exchange  top  of  stack,  H  &  L 

SPHL 

H  &  L  to  stack  pointer 

PCHL 

H  &  L  to  program  counter 

DAD  B 

Add  B  &  C  to  H  &  L 

DAD  D 

Add  D  &  E  to  H  &  L 

DAD  H 

Add  H  &  L  to  H  &  L 

DAD  SP 

Add  stack  pointer  to  H  &  L 

STAX  B 

Store  A  indirect 

STAX  D 

Store  A  indirect 

LDAX  B 

Load  A  indirect 

LDAX  D 

Load  A  indirect 

INX  B 

Increment  B  &  C  registers 

INX  D 

Increment  D  &  E  registers 

INX  H 

Increment  H  &  L  registers 

INX  SP 

Increment  stack  pointer 

DCX  B 

Decrement  B  &  C 

DCX  D 

Decrement  D  &  E 

DCX  H 

Decrement  H  &  L 

DCX  SP 

Decrement  stack  pointer 

CMA 

Complement  A 

STC 

Set  carry 

CMC 

Complement  carry 

DAA 

Decimal  adjust  A 

SHLD 

Store  H  &  L  direct 

LHLD 

Load  H  &  L  direct 
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TABLE  5.4  SYSTEM  STATUS  INFORMATION  DEFINITIONS 


Symbol 

Data  bus 
bit 

Definition 

INTA 

DO 

Interrupt  acknowledge  signal. 

WO 

D1 

Current  operation  will  be  either  a  memory  write  or 
output  function. 

STACK 

D2 

Contents  of  stack  pointer  register  are  now  on 
address  bus. 

HLTA 

D3 

Halt  acknowledge  signal. 

OUT 

D4 

Address  bus  will  contain  address  of  an  output  port 

(OUT  =  1)  when  WR  goes  LO. 

Ml 

D5 

CPU  is  in  the  fetch  cycle  of  the  first  byte  of  the 
instruction. 

INP 

D6 

Address  bus  contains  address  of  an  input  port 
device,  and  its  data  should  be  placed  on  the 
data  bus  when  DBIN  goes  HI. 

MEMR 

D7 

Current  instruction  subcycle  will  be  a  memory 
read,  and  memory  data  should  be  placed  on 
the  bus  when  DBIN  goes  HI. 

SOURCE:  Kock, 

Seeing  Sound,  Wiley, 

Table  5.3. 

A  minimum  8080  microcomputer  system  may  be  configured  with 

relatively  few  IC  packages.  Basically  all  that  is  needed  besides  the 

CPU  chip  itself  is  a  2-phase  clock  generator,  a  system  status  latch, 

ROM  and/or  RAM,  the  appropriate  I/O  ports,  and  a  handful  of  logic 
gates. 


The  system  status  outputs,  defined  in  Table  5.4,  are  latched  from 
the  data  bus  at  the  beginning  of  each  instruction  subcycle  and  used 
to  tell  the  world  outside  the  CPU  what's  coming  up  during  each 
portion  of  the  instruction  execution.  The  DBIN  control  signal  informs 
e  extemalinput  devices  when  the  data  bus  is  free  to  accept  data, 

the  chu  6  fUC°u  tr°^  S^na^  *s  used  to  indicate  to  output  devices  that 
the  data  on  the  bus  has  stabilized  and  may  be  taken  by  them. 

containine^hV^  f  /f6  tbat  a  system  of  the  sort  described  above 
1,0  ports  tould  1  u°/7te  °f  RAM'  16  kilobytes  of  ROM.  and  a  few 
cated  video  b,e,adeciuate  f<w  all  but  the  most  sophisti- 

g  es,  and  could  probably  be  built  for  less  than  $100. 


6.1  INTRODUCTION  TO  PROGRAMMING 

This  chapter  introduces  programming  concepts.  A  brief  discussion 
of  general  programming  topics  is  followed  by  the  presentation  of 
seven  fundamental  programming  rules  which  are  basic  to  any  micro¬ 
processor  software  design.  Flowcharts  are  introduced,  and  a  detailed 
explanation  is  provided  of  the  instruction  set  for  the  8080  micropro¬ 
cessor,  which  was  discussed  in  Chap.  5.  Typical  examples  of  pro¬ 
grams  for  generating  random  numbers  and  for  playing  card  and  dice 
games  give  the  reader  a  first  glimpse  at  the  application  of  microcom¬ 
puters  to  electronic  games.  The  chapter  concludes  with  a  discussion 
of  debugging  methods  as  they  apply  to  microprocessor  programs. 

A  computer  is  a  piece  of  general-purpose  electronic  hardware 
which  when  programmed  converts  into  a  specialized  piece  of  equip¬ 
ment  capable  of  solving  the  particular  problem  that  the  programmer 
has  in  mind.  The  program  itself  consists  of  instructions  and  data. 
The  instructions  tell  the  machine  what  to  do,  and  the  data  is  the 
information  to  be  operated  upon  by  the  computer.  Both  instructions 
and  data  are  stored  in  the  memory  of  the  computer.]  - 

In  formulating  a  program  for  a  particular  application  (an  applica-  < 
fio/i  program),  it  is  possible  to  write  it  in  machine  language,  assembly  ' 
language,  or  some  other  high-level  language,  such  as  BASIC  or 
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If  X=0  then  Z=X+2, 
else  Z=5-X 


LOC 

MVI  A,X 
JNZ LOC 
ADI  02 
IMP  DONE 
MOVB.A 

DONE 

MVI  A, 05 
SUB  B 

i  SUx*oin  accumulalor 
•  ,f  go  to  LOC 
:  add  2  to  X 

■  X  in  B  register 
;  put  5  in  A 
,  subtract  B  from  A 


High-level  language  Equivalent  assembly  language  statements 


Figure  6.1  Comparison  of  high-level  language  and  assembly  language 
statements. 


FORTRAN.  With  less  expensive  systems,  machine  language  pro¬ 
gramming  in  either  binary  or  hexadecimal  is  usually  required.  This 
procedure,  while  tolerable  for  small-program  development,  soon 
becomes  unwieldy  in  larger  designs. 

An  assembler  greatly  eases  the  programming  task  and  is  probably 
one  of  the  most  commonly  used  programming  tools.  An  assembler  is 
nothing  more  than  a  special-purpose  program  which  translates  the 
assembly  language  mnemonics  into  their  equivalent  machine  lan¬ 
guage  statements.  In  addition  most  assemblers  also  permit  the  use  of 
symbolic  addresses,  as  well  as  symbolic  names  for  data,  registers, 
and  variables.  Generally,  one  line  of  assembly  language  code  trans¬ 
lates  into  one  line  of  machine  code. 

Many  readers  may  be  familiar  with  special  high-level  languages 
such  as  FORTRAN  and  BASIC.  These  languages,  along  with  several 
specifically  designed  for  use  with  microprocessors,  are  also  available 
for  microcomputer  program  development  work.  Their  greatest  attri¬ 
butes  are  their  similarity  to  English  and  ordinary  algebra  and  the 
compact  nature  of  their  program  statements,  since  one  high-level 
language  statement  usually  translates  into  many  machine  language 
statements  (Fig.  6.1).  For  these  reasons  programs  written  using  these 
high-level  languages  are  often  shorter,  easier  to  debug,  and  generally 
less  tedious  for  the  designer  to  develop. 

However,  high-level  languages  have  their  drawbacks.  In  order  to 
perform  the  program  translation  into  machine  language,  a  large, 
sophisticated  program  known  as  a  compiler  is  required.  This  pro¬ 
gram  occupies  a  good  deal  of  memory,  and  in  fact  a  minicomputer  or 
an  even  larger  machine  is  usually  required  to  run  it.  Furthermore, 
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the  generally  compact  nature  of  most  high-level  language  statements 
means  that  program  translation  into  machine  code  is  not  optimal;  in 
fact,  the  designer  of  the  program,  given  enough  time,  could 
undoubtedly  write  a  much  more  compact  program,  one  whose  exe¬ 
cution  time  would  be  well  below  that  created  by  any  compiler. 
Therefore,  when  developing  programs  for  use  with  mass-produced 
micro-processor-based  electronic  games,  where  every  extra  byte  of 
memory  used  may  translate  into  extra  dollars  of  ROM  required, 
compilers  should  be  used  with  caution.  One  way  to  partially  circum¬ 
vent  this  problem  is  to  first  write  the  program  using  a  compiler  and 
then  "tweak”  the  resulting  machine  code  produced  in  order  to  obtain 
a  near-optimal  result. 

^Regardless  of  the  programming  language  you  ultimately  decide  to 
work  with,  the  rules  for  good  microprocessor-based  software  design 
remain  the  same: 

1.  Carefully  define  and  understand  the  application  problem. 
This  will  prevent  your  having  to  redo  the  software  as  each 
new  "exception"  to  the  program  you've  written  is 
discovered. 

2.  Design  the  program  from  the  top  down;  that  is,  attempt  to 
understand  and  block  out  the  overall  design  problem  first, 
and  then  continually  subdivide  it  into  smaller,  more  read¬ 
ily  solved,  programming  problems.  While  it  is  tempting 
to  dig  into  the  specifics  of  a  small  portion  of  the  problem 
to  start  programming  immediately,  avoid  this  until  you 
have  a  clear  understanding  of  how  all  the  parts  will  fit 
together. 

3.  Design  the  software  so  that  it  can  be  easily  updated  and 
changed.  Along  these  lines,  good  documentation  is 
important  both  to  the  next  person  who  will  work  with  the 
program  and  to  the  designer.  Often,  when  returning  to  an 
old  program  after  several  days  on  another  project,  it's 
hard  to  believe  that  you  ever  wrote  it.  Good  documenta¬ 
tion  helps  to  get  you  back  on  the  right  track  with  minimal 
effort. 

4.  Make  ample  use  of  flowcharting  in  all  phases  of  program 
design;  it  helps  you  to  rapidly  understand  and  review 
how  the  overall  program  fits  together. 

5-  Investigate  whether  or  not  there  are  any  prewritten 
(canned)  routines  available  that  can  be  utilized  in  your 
specific  application  program.  For  those  portions  of  the 
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Figure  6.2  Developing  the  application  software.  (Adapted  from  Kock, 
Seeing  Sound,  Fig.  5.1.) 


program  where  prewritten  software  is  unavailable,  design 
your  own  algorithms  (procedures)  and  translate  the  prob¬ 
lem  into  machine  language  using  either  an  assembler  or 
compiler  program.  Make  use  of  an  editor  program 1  in 
developing  your  program. 

'An  editor  is  a  program  which  allows  the  designer  to  construct,  edit,  store,  retrieve, 
and  combine  programs  together  by  making  use  of  a  few  simple  commands. 
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6.  Run  the  application  program  on  some  type  of  develop¬ 
ment  system,  and,  depending  on  the  number  of  errors 
encountered,  either  patch  in  the  corrections  or  go  back  to 
the  original  program  and  make  the  changes. 


Execute  the  program  on  the  actual  system  hardware,  and 
remove  any  remaining  bugs.  When  all  errors  have  been 
eliminated  and  final  changes  made,  commit  the  program 
to  ROM. 


These  steps  are  summarized  in  the  flowchart  given  in  Fig.  6.2.  The 
remainder  of  this  chapter  is  devoted  to  helping  the  reader  develop 
basic  microprocessor  programming  skills  with  particular  emphasis 
on  their  application  to  electronic  games. 


6.2  FLOWCHARTS 

Computers  have  proved  to  be  extremely  powerful  tools  for  solving  a 
wide  variety  of  problems;  however,  in  some  ways  they  aren't  very 
smart.  They  do  exactly  what  they're  told.  Thus,  if  even  a  single 
program  statement  is  out  of  place,  the  entire  program  may  “bomb 
out"  when  it's  run.  When  this  happens,  novices  inevitably  think  that 
there  s  something  wrong  with  the  machine,  but  they  soon  come  to 
realize  that  the  computer  itself  is  rarely  at  fault  and  that  in  fact  most 
such  errors  are  created  by  organizational  problems  on  the  part  of  the 
programmer. 

Therefore  it  is  important  to  carefully  formulate  and  document  all 
programming  problems — first  in  order  to  have  any  chance  of  success 
on  the  initial  run  of  the  program,  and  second  to  be  able  to  diagnose 
its  ills  should  it  fail  to  run  on  the  first  try.  Flowcharts  provide  a 
particularly  good  way  to  accomplish  these  tasks  and  help  you  to 
visualize  the  overall  structure  of  the  program.  Basically  a  floxvchart  is 
a  graphic  representation  of  what  the  final  program  will  look  like.  All 
major  program  functions  are  represented  by  separate  boxes  intercon¬ 
nected  by  arrows  to  indicate  the  flow  direction  of  the  program.  A  list 
of  the  most  important  flowchart  symbols  is  given  in  Fig.  6.3. 

The  oval-shaped  symbol  is  used  to  indicate  the  beginning  or  end 
°f  a  particular  program  or  subroutine.  The  two  most  commonly  used 
symbols  in  flowcharting  are  the  rectangular  computational  box  and 
e  diamond-shaped  decision-making  or  branching  box.  Note  that  the 
vision  box  has  a  single  entry  point  and  two  exit  points.  If  a 
previously  written  program  is  used  as  a  part  of  a  newer  program,  it  is 
miply  indicated  by  the  barred  rectangular  box  shown  in  the  Figure 

,V  °ut  duplication  of  its  flowchart.  The  same  rectangular  svmbol  is 
used  for  the  subroutine  call  statement. 
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Symbol 


Meaning 


Symbol  Meaning 


Termination  or  initiation 
(START,  STOP,  RETURN) 


Arithmetic  operation 
or  computation 


-KD 


Connector 


T 


Input/output 


Decision  making 
or  branching 


Subroutine  call  or 
prewritten  program 


Figure  6.3  Flowchart  symbols. 


In  order  to  illustrate  how  to  employ  flowcharts  for  program  devel¬ 
opment,  several  examples,  of  increasing  complexity,  will  be  given. 
As  a  first  example  we  will  develop  a  program  to  determine  which  of 
three  numbers  A,  B,  or  C  is  the  largest.  This  example  involves  the 
use  of  the  decision  box,  and  to  simplify  the  problem  solution  it  is 
helpful  to  define  the  following  mathematical  operations. 


Symbol  Meaning 

A  =  B  A  equals  B 

A  =£  B  A  not  equal  to  B 

A  >  B  A  greater  than  B 

A  <  B  A  less  than  B 

A^B  A  greater  than  or  equal  to  B 

A  <  B  A  less  than  or  equal  to  B 

For  now  let's  assume  that  in  any  single  decision  box  any  one  of  these 
mathematical  operations  may  be  tested  for.  The  flowchart  solution 
for  the  problem  is  given  in  Fig.  6.4. 

On  program  initiation  the  data  for  the  numbers  A,  B,  and  C  is 
entered  into  the  machine.  This  input  box  could,  for  example,  repre¬ 
sent  a  keyboard  input  device.  In  the  first  decision-making  box  the 
numbers  A  and  B  are  compared;  if  A  is  greater  than  B,  it  is  next 
compared  with  C,  and  if  it  is  larger  than  both  B  and  C,  the  number  A 
is  exhibited  in  some  form  of  visual  display.  Should  the  number  A  fail 
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in  either  of  these  tests,  then  either  B  or  C  is  the  largest,  and  a  similar 
test  must  be  performed  comparing  their  relative  sizes.  On  comple¬ 
tion  the  program  stops,  and  the  output  display  will  indicate  which  of 
the  three  numbers  A,  B,  or  C  is  the  largest. 

In  some  cases  it  is  useful  to  be  able  to  execute  a  certain  group  of 
instructions  within  a  program  more  than  once.  This  operation  is 
readily  accomplished  by  a  technique  known  as  looping.  A  specific 
paitial  program  flowchart  illustrating  this  concept  is  given  in  Fig. 
6.5.  Before  entering  the  loop  the  "index"  I  is  initialized,  and  this 
index  keeps  track  of  the  number  of  passes  made  through  the  loop.  At 
some  point  within  the  loop  the  index  value  is  changed.  It  may  be 
incremented  or  decremented,  usually  by  one,  but  also  if  desired  by 
any  number.  At  the  bottom  of  the  loop  there  is  a  a  decision  box 
which  monitors  the  value  of  the  index  and  causes  the  loop  to  be 
executed  over  and  over  again  until  a  decision  is  made  to  exit.  In  the 
example  shown,  the  loop,  and  hence  all  computations  within  the 
loop,  will  be  repeated  10  times. 
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i 

■ 


>Loop 


J 


Figure  6.5  Program  looping. 


One  common  programming  error  is  shown  by  the  dotted  return 
path  from  the  decision  box.  Here,  the  program  will  get  “hung  up"  in 
the  loop  forever,  since  each  time  the  return  occurs  the  index  I  will  be 
reinitialized  to  one  so  that  an  exit  from  the  loop  will  never  occur. 

In  the  previous  example  the  exit  from  the  loop  occurred  after  a 
predetermined  number  of  passes  through  the  loop.  However,  in 


r 


Start 


Figure  6.6  Flowchart  illus¬ 
trating  looping  without  the 
use  of  an  index. 
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some  cases  the  loop  doesn’t  have  an  index,  and  loop  exiting  is 
determined  by  the  generation  of  a  particular  result  or  the  tnput  ul  a 
bptu  1C  piece ‘  of  data.  Consider,  for  example,  the  problem  illustrated 
in  Fig.  6.6.  Here  the  computer  continually  inputs  data  and  then 
isp  ays  1  on  a  particu  ar  output  device.  The  program  continues 
looping  forever  until  it  encounters  a  specific  piece  of  data,  in  this 
case  a  zero,  and  then  terminates.  Note  that  this  type  of  program 


(c) 

Figure  6.7  Card  selection  from  a  deck  of  52  playing  cards,  (a)  Random 
number  generator;  (b)  card  selection  from  a  deck  with  replacement;  (c) 
card  selection  from  a  deck  without  replacement. 
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allows  a  list  of  undetermined  length  to  be  read  into  the  mach- 
long  as  the  last  piece  of  actual  data  is  followed  by  a  zero' dat^  ^ 
accomplish  the  same  task  using  the  index  counter  approacfi  & 
require  an  accurate  tabulation  of  the  total  amount  of  data  to  be"01^ 
and  a  program  modification  each  time  this  number  is  changed 

In  the  last  flowchart  example  of  this  section,  we  will  formulate 
problem  of  considerable  interest  in  video  card  games:  simulatm** 
card  selection  from  a  deck  of  52  playing  cards.  The  flowchart  will  be 
developed  for  two  different  cases,  the  first  for  card  selection  with 
replacement  back  in  the  deck,  and  the  second,  as  is  the  case  in  most 
card  games,  for  selection  without  replacement.  In  order  to  develop 
these  programs,  some  type  of  random-number  generation  routine 
will  be  required.  One  possible  subroutine  to  accomplish  this  is 
illustrated  in  the  flowchart  of  Fig.  6.7a.  Here  the  index  just  keeps 
incrementing  from  1  up  to  52  and  then  back  again  until  a  key  is  hit  on 
the  keyboard  simulating  player  selection  of  a  card  from  the  deck.  At 
this  point,  the  incrementing  stops,  the  program  exits  the  subroutine, 
and  control  is  returned  to  the  main  program. 

In  the  case  of  card  selection  with  replacement,  the  random  number 
program  is  used  to  generate  the  address  containing  the  name  of  the 
selected  card,  and  the  size  of  the  card  list  always  remains  the  same 
(Fig.  6.7b).  If  the  cards  are  drawn  without  replacement,  then  the  size 
of  the  random  number  list  generated  must  be  reduced  by  one  each 
time  a  card  is  drawn,  the  card  drawn  deleted  from  the  "deck,"  and 
the  card  list  remaining  packed  together.  This  procedure  is  illustrated 
in  Fig.  6.7c. 


6.3  THE  8080  MICROPROCESSOR  INSTRUCTION  SET 

The  8080  instruction  set  consists  of  78  basic  instructions,  which  may 
be  divided  into  five  major  categories: 

1.  Data  transfer  group 

2.  Arithmetic  group 

3.  Logical  group 

4.  Branch  group 

5.  Stack,  I/O,  and  machine  control  group 

Instructions  classified  within  the  data  transfer  group  involve  the 
movement  of  data  between  the  microcomputer  registers  and  mem- 
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ory,  as  well  as  between  individual  registers.  Instructions  in  the 
arithmetic  group  focus  on  the  standard  operations  of  addition  and 
subtraction,  while  those  in  the  logical  group  permit  AND,  OR, 
EXOR,  complement,  and  rotate  operations  to  be  performed  on  data 
in  registers  or  memory.  The  decision-making  capability  of  the  pro¬ 
cessor  resides  in  its  branch  group  instructions,  which  allow  the 
execution  sequence  of  a  program  to  be  altered  based  on  the  results  of 
tests  performed  on  the  contents  of  registers  or  memory.  The  last 
group  of  instructions,  the  stack,  I/O,  and  machine  control  group, 
govern  the  machine  s  control  over  interrupt,  I/O  operations,  and  the 
software  stack.  In  addition  this  group  affects  the  overall  operation  of 
the  processor. 

The  basic  data  word  size  in  the  8080  is  the  8-bit  byte,  with  DO 
representing  the  least  significant  bit  (LSB)  and  D 7  the  most  signifi¬ 
cant  bit  (MSB): 


Single-byte  data  word 


i  i  i  i  i - 1 - 1 - - 

D  7  D6  D5  D4  D3  D2  D1  DO 


Each  word  in  memory  is  specified  by  a  16-bit,  or  2-byte,  address  and 
thus  the  8080  can  directly  address  up  to  2’6,  or  65,536,  bytes  of  RAM 
or  ROM. 

Instructions  used  with  the  8080  vary  in  length  from  1  to  3  bytes. 
For  single-byte  instructions,  INR  A  (increment  the  accumulator),  for 
example,  all  of  the  information  necessary  to  execute  the  instruction  is 
contained  in  that  byte. 


Single-Byte  Instruction 


Op  code 


In  the  2-  and  3-byte  instructions,  however,  additional  information 
besides  the  operation  code  (op  code)  is  required.  This  information, 
in  the  form  of  an  address  or  data,  is  contained  in  byte  2  or  bytes  2  and 
3  of  the  instruction. 


Byte  1 


Byte  2 


Double-Byte  Instruction 


- 1 - 1 - 

D7 

~1 - 1 - 1 

DO 

i  - - 1 - 

'  D7 

I  '  I  1 

i  i 

DO 

Op  code 


Data  or  address 
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Bvte  1 


Byte  2 


Byte  3 


Triple-Byte  Instruction 


D7 

i - -  r  — r - ■— - 1 - 

■“T 

DO 

- -  - 

D7 

- r  i  i  i 

DO 

D7 

DO 

Op  code 


Data  or  address 


The  8080  employs  four  major  addressing  modes:  immediate, 
direct,  register,  and  register  indirect.  In  the  immediate  addressing 
mode,  depending  on  the  type  of  instruction,  either  the  second  byte 
or  the  second  and  third  bytes  of  the  instruction  contain  the  actual 
data  to  be  utilized.  With  direct  addressing,  bytes  2  and  3  specify  the 
address  of  the  memory  location  where  the  data  will  be  found.  It 
should  be  noted  that  the  higher-order  part  of  the  address  is  con¬ 
tained  in  byte  3  of  the  instruction  and  the  lower-order  portion  in 
byte  2. 

The  8080  also  permits  data  to  be  moved  directly  from  one  specific 
register  to  other  points  in  the  microcomputer.  This  is  known  as  pure 
register  addressing.  In  the  last  addressing  technique,  the  register 
indirect  mode,  the  register  pair  specified  in  the  instruction  contains 
the  address  of  the  memory  location  where  the  data  will  be  found. 


Data  Transfer  Group 

In  the  8080  instruction  repetoire  it  is  possible  to  transfer  data 
between  any  two  of  the  general-purpose  data  registers  with  a  single¬ 
byte  instruction,  the  MOV.  In  its  most  general  form  this  instruction 
may  be  written  as: 


Mnemonic  Meaning 

MOV  r,,  r2  Move  contents  of  r2  into  /••,. 


where  r2  represents  the  data  source  register  and  the  destination 
register  for  the  data.  For  example,  to  transfer  the  contents  of  the  H 
register  to  the  accumulator,  the  programmer  need  only  write: 


Mnemonic  _ Hex  code 

MOV  A,  H  7 r' 


Meaning 
A  <—  H 
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„  should  be  noted  that  the  execution  of  this  instruction  does  not  alter 
contents  of  the  source,  in  this  case  the  H  register.  The  hexadeci- 
mal  coding  tor  this  instruction  was  obtained  from  Table  6  1 

By  using  the  immediate  instructions,  it  is  possible  to  load  a 
specific  register  with  data  which  comes  directly  from  the  second  byte 
Of  the  instruction.  Illustrated  below  is  one  such  move  immediate 
instruction  (MVI),  in  which  the  contents  of  the  C  register  are  being 
loaded  with  the  hexadecimal  number  57  (written  for  clarity  as  57„). 


Mnemonic 

MVI  C 
57H 


Hex  code 

OE 

57 


Description 

Load  C  register  with  57H. 


As  we  have  mentioned  previously,  words  in  memory  may  be 
addressed  by  two  techniques — direct  addressing  and  indirect 
addressing.  With  direct  addressing,  the  2  bytes  following  the 
instruction  provide  the  address  information,  with  byte  2  represent¬ 
ing  the  lower-order  and  byte  3  the  higher-order  portion  of  the 
address.  As  an  example,  suppose  that  we  wish  to  place  the  contents 
of  memory  location  53A6  into  the  accumulator.  The  3-byte  instruc¬ 
tion  to  accomplish  this  would  be: 


Mnemonic 

Hex  code 

Meaning 

LDA 

3A 

Load  accumulator  with  contents  of 

memory  location  53A6. 

A6 

A6 

53 

53 

The  corresponding  instruction  to  store  the  contents  of  the  accumula 
tor  at  the  same  location  would  be: 

Mnemonic 

Hex  code 

Meaning 

STA 

32 

Store  contents  of  accumulator 

in  memory  location  53A6. 

A6 

A6 

53 

53 

Besides  using  the  direct  addressing  scheme  employed  above,  it  is 
also  possible  to  use  the  contents  of  specific  register  pairs  as  memory 
reference  addresses.  This  indirect  addressing  technique  is  extremely 
powerful  for  processing  data  lists  and  for  calculating  addresses  from 
Program  execution  results. 
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TABLE  6.1  MACHINE  LANGUAGE  CODES  FOR  THE  80fin 
INSTRUCTION  SETS 


Data  transfer  group 

MOVE  "  ~  ~ — 

IMMEDIATE 

LOAD/STORE 


06 

MVI 

B. 

4F 

MOV 

C.A 

0E 

MVI 

C. 

50 

MOV 

D,B 

16 

MVI 

D. 

51 

MOV 

D.C 

IE 

MVI 

E, 

52 

MOV 

D,D 

26 

MVI 

H. 

UO 

53 

MOV 

D,E 

2E 

MVI 

L. 

54 

MOV 

D.H 

36 

MVI 

M. 

55 

MOV 

D,L 

3E 

MVI 

A.  . 

56 

MOV 

D.M 

57 

MOV 

D,A 

MOVE 

58 

MOV 

E,B 

40 

MOV 

B.B 

59 

MOV 

E,C 

41 

MOV 

B.C 

5A 

MOV 

E,D 

42 

MOV 

B,D 

5B 

MOV 

E.E 

43 

MOV 

B.E 

5C 

MOV 

E,H 

44 

MOV 

B,H 

5D 

MOV 

E,L 

45 

MOV 

B.L 

5E 

MOV 

E,M 

46 

MOV 

B,M 

5F 

MOV 

E.A 

47 

MOV 

B.A 

60 

MOV 

H.B 

48 

MOV 

C.B 

61 

MOV 

H,C 

49 

MOV 

c.c 

62 

MOV 

H,D 

4A 

MOV 

C,D 

63 

MOV 

H,E 

4B 

MOV 

C.E 

64 

MOV 

H,H 

4C 

MOV 

C.H 

65 

MOV 

H.L 

4D 

MOV 

C.L 

66 

MOV 

H.M 

4E 

MOV 

C,M 

67 

MOV 

H,A 

68 

MOV 

L,B 

0A 

LDAX 

B 

69 

MOV 

L.C 

1 A 

LDAX 

D 

6A 

MOV 

L,D 

2A 

LHLD 

Adr 

6B 

MOV 

L.E 

3A 

LDA 

Adr 

6C 

MOV 

L.H 

6D 

MOV 

L,L 

02 

STAX 

B 

6E 

MOV 

L,M 

12 

STAX 

D 

6F 

MOV 

L.A 

22 

SHLD 

AcJr 

32 

STA 

Adr 

70 

MOV 

M.B 

71 

MOV 

M.C 

LOAD  IMMEDIATE 

72 

MOV 

M.D 

73 

MOV 

M,E 

01 

LXI  B, 

74 

MOV 

M.H 

11 

LXI  D. 

•  D16 

75 

MOV 

M.L 

21 

LXI  H, 

77 

MOV 

M,A 

31 

LXI  SP.  J 

78 

MOV 

A.B 

79 

MOV 

A.C 

7A 

MOV 

A,D 

7B 

MOV 

A.E 

7C 

MOV 

A,H 

7D 

MOV 

A.L 

7E 

MOV 

A,M 

7F 

MOV 

A, A 

Arithmetic  group 

ACCUMULATOR* 


80 

ADD 

B 

90 

SUB 

B 

81 

ADD 

C 

91 

SUB 

C 

82 

ADD 

D 

92 

SUB 

D 

83 

ADD 

E 

93 

SUB 

E 

84 

ADD 

H 

94 

SUB 

H 

85 

ADD 

L 

95 

SUB 

L 

86 

ADD 

M 

96 

SUB 

M 

87 

ADD 

A 

97 

SUB 

A 

88 

ADC 

B 

98 

SBB 

B 

89 

ADC 

C 

99 

SBB 

C 

8A 

ADC 

D 

9A 

SBB 

D 

8B 

ADC 

E 

9B 

SBB 

E 

8C 

ADC 

H 

9C 

SBB 

H 

8D 

ADC 

L 

9D 

SBB 

L 

8E 

ADC 

M 

9E 

SBB 

M 

8F 

ADC 

A 

9F 

SBB 

A 

DOUBLE  ADDf 

DECREMENT* 

09 

DAD 

B 

05 

DCR 

B 

19 

DAD 

D 

0D 

DCR 

C 

29 

DAD 

H 

15 

DCR 

D 

39 

DAD 

SP 

ID 

DCR 

E 

25 

DCR 

H 

INCREMENT* 

2D 

DCR 

L 

35 

DCR 

M 

04 

INR 

B 

3D 

DCR 

A 

OC 

INR 

C 

14 

INR 

D 

0B 

DCX 

B 

1C 

INR 

E 

IB 

DCX 

D 

24 

INR 

H 

2B 

DCX 

H 

2C 

INR 

L 

3B 

DCX 

SP 

34 

INR 

M 

3C 

INR 

A 

Acc 

IMMEDIATE 

03 

INX 

B 

C6 

ADI  ' 

13 

INX 

D 

CE 

ACI 

D8 

23 

INX 

H 

D6 

SUI 

33 

INX 

SP 

DE 

SBI 

27 

DAA* 
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TABLE  6.1  MACHINE  LANGUAGE  COnPQ  T 
INSTRUCTION  SETS  (Continued)  S  F°R  THE  8080 


Logical  group 


A8 

XRA 

B 

AO 

ANA 

B 

A9 

XRA 

C 

A1 

ANA 

C 

AA 

XRA 

D 

A2 

ANA 

D 

AB 

XRA 

E 

A3 

ANA 

E 

AC 

XRA 

H 

A4 

ANA 

H 

AD 

XRA 

L 

A5 

ANA 

L 

AE 

XRA 

M 

A6 

ANA 

M 

AF 

XRA 

A 

A7 

ANA 

A 

BO 

ORA’ 

B 

E6 

ANI  I 

B1 

ORA 

C 

EE 

XRl 

B2 

ORA 

D 

F6 

ORI 

D8 

B3 

ORA 

E 

FE 

CPI  J 

B4 

ORA 

H 

B5 

ORA 

L 

ROTATEt 

B6 

ORA 

M 

B7 

ORA 

A 

07 

RLC 

OF 

RRC 

B8 

CMP 

B 

17 

RAL 

B9 

CMP 

C 

IF 

RAR 

BA 

CMP 

D 

BB 

CMP 

E 

2F 

CMA 

BC 

CMP 

H 

37 

STCt 

BD 

CMP 

L 

3F 

CMCt 

BE 

CMP 

M 

BF 

CMP 

A 

Stack,  I/O,  and  Machine  Control  Croup 

STACK  OPS  CONTROL 


C5  PUSH  B 
D5  PUSH  D 
E5  PUSH  H 
E5  PUSH  PSW 


Cl  POP 
D1  POP 
El  POP 
FI  POP 

E3  XTHL 
F9  SPHL 


B 

D 

H 

PSW* 


00  NOP 
76  HLT 
F3  Dl 
FB  El 

INPUT/OUTPUT 

D3  OUT  D8 
DB  IN  D8 


Branch  group 

JUMP 

C3  JMP 
C2  JN2 
CA  jz 
02  JNC 

DA  JC  [  Adr 
E2  JPO 
EA  jpe 
F2  JP 
pA  jm 
E9  PCHL 

Oie  -tCOnstant  or  k>g»cal/arithmetic  expression  that  evaluates  to  an  8* bit  data  quantity 

Adr  *  °*  expression  that  evaluates  to  an  16-bit  data  quantity 

1  address 

tn  |iaf  «C  Z.  S.  P)  affected. 
tOn.y  carry  affected 

SouJg.r^  °ARRY  aMec,ed  (exception:  INX  and  DXC  affect  no  flags) 

ccrw,w  J^D*ea  f'orn  *  table  published  by  Processor  Technoioav  Com  1 
by  Intel  CorP 


CALL 

RETURN 

RESTART 

CD 

CALL 

C9 

RET 

C7 

RST 

0 

C4 

CNZ 

CO 

RNZ 

CF 

RST 

1 

CC 

CZ 

C8 

RZ 

D7 

RST 

2 

D4 

CNC 

DO 

RNC 

DF 

RST 

3 

DC 

CC 

Adr  D8 

RC 

E7 

RST 

4 

E4 

CPO 

E0 

RPO 

EF 

RST 

5 

EC 

CPE 

E8 

RPE 

F7 

RST 

6 

F4 

CP 

F0 

RP 

FF 

RST 

7 

FC 

CM 

F8 

RM 

published  by  Processor  Technology  Corp  The  8080  Mnemonics  are 
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In  the  8080  processor,  the  HL  register  pair  is  most  often  used  f0r 
this  type  of  addressing,  since  most  of  the  indirect  addressing  instruc- 
tions  specifically  refer  to  this  register  pair.  For  example,  to  transfer 
data  from  a  specific  memory  location,  address  0053,  to  the  accumula¬ 
tor,  the  HL  register  pair  is  first  loaded  with  the  data  0053,  and  then 
the  following  indirect  MOV  instruction  executed. 


Mnemonic 

Hex  code 

Meaning 

MOV  M,  A 

77 

Move  contents  of  accumulator 

into  the  memory  location 

addressed  by  HL. 

Note  that  this  is  a  single-byte  instruction  in  which  the  contents  of  A 
are  stored  in  the  memory  location  "pointed  to"  by  the  contents  of  the 
HL  register  pair.  At  first  this  approach  may  seem  cumbersome,  since 
it  looks  as  if  we  have  to  load  the  HL  pair  each  time  before  this  kind  of 
instruction  can  be  executed.  However,  to  really  appreciate  the  power 
of  this  instruction,  consider  the  following  sample  program: 


Mnemonic 

Meaning 

LOOP 

MVI  A 

00 

LXI  H 

FF 

00 

MOV  M,  A 

Set  A  =  0. 

Initialize  HL  pair  to  00FF. 

Fill  selected  section  of 

DCR  L 

JNZ  LOOP 

memory  with  0s. 

Here  the  MOV  M,A  instruction  has  been  placed  inside  a  repetitive 
loop.  On  each  pass  through  the  loop,  0s  are  placed  in  the  memory 
location  pointed  to  by  the  HL  register  pair,  and  the  pointer  is  then 
moved  to  the  next  memory  location;  this  continues  until  the  loop  is 
exited  when  L  goes  to  0.  In  this  way,  this  small  six-step  program  has 
been  employed  to  clear  the  entire  section  of  memory  from  address 
00FF  to  address  0000. 

By  using  a  similar  instruction,  MOV  A,M,  data  may  be  transferred 
from  a  specific  memory  location  to  the  accumulator.  Similar  transfers 
are  also  possible  between  memory  and  any  of  the  other  general- 
purpose  data  registers  (B,  C,  D,  E,  H,  L)  through  use  of  the  instruc¬ 
tions  MOVr,M  and  MOV  M,r,  where  r  represents  the  register  under 
consideration.  These  instructions  are  listed  in  Table  6.2,  and  the 

specific  hexadecimal  machine  codes  associated  with  each  are  given 
in  Table  6.1.  6 
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It  is  also  possible  to  move  data  between  memory  and  the  accumu¬ 
lator  by  using  the  BC  and  DE  register  pairs  in  conjunction  with 
appropriate  load  (LDAX)  and  store  (STAX)  instructions.  Thus,  for 
example,  to  use  the  DE  register  pair  as  a  pointer  to  memory  to  store 
the  contents  of  the  accumulator,  the  programmer  need  only  write  the 
single-bvte  instruction: 

Hex’  code _ Meaning 

1 A  Store  contents  of  accumulator 

in  the  memory  location 
pointed  to  by  the  content  of 
the  DE  pair. 

Note,  however,  that  with  these  instructions  data  transfer  is  possible 

only  between  M  and  A,  and  not  between  memory  and  any  of  the 
other  registers. 

Within  the  data  transfer  group  several  register-pair  load/store 
instructions  are  also  available.  These  instructions  make  it  possible  to 
move  data  to  and  from  these  register  pairs  more  efficiently  than  by 
the  equivalent  single-register  MOV  instructions.  For  example,  to 

TABLE  6.2  DATA  TRANSFER  GROUP  INSTRUCTIONS 


Mnemonic 
STAX  D 


Number  of 

_ _  bytes 

Move:  destination,  source 

Reg.  1,  Reg.  2  MOV  B,E 

Reg.  1,  Mem.  Ref.  MOV  C.M  1 

Mem.  Ref.,  Reg.  2  MOV  M,D  ! 

Reg.  1,  immediate  byte  MVI  E,20  2 

NOTE:  M  =  indirect  memory  reference  using  H,L 
register  pair. 


2-  Load/store  accumulator 

Direct  LDA  addr  3 

STA  addr  3 

Indirect  LDAX  reg  pair  1 

STAX  reg  pair  1 

3  Load/store  register  pairs 

Direct  (H,L  pair  only)  LHLD  addr  3 

SHLD  addr  3 

Immediate  LXI  reg  pair, 

pairs  (B,C;  D,E;  H,L;  S,P)  2  date  bytes  3 

~ — j^ange  pairs  (H,L  with  D.E)  XCHG  1 
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load  the  HL  register  pair  with  the  contents  of  two  successive  mem 
locations,  4350  in  L  and  4351  in  H,  the  programmer  could  write-  ™ 


Mnemonic  Hex  code 


LDA 

50 
43 

MOV  L,  A 
LDA 

51 

43 

MOV  H,  A 


Meaning 

Load  A  with  contents  of  memory  location 
4350. 


Load  L  with  A. 

Load  A  with  contents  of  memory  location 
4351. 

Load  H  with  A. 


However,  the  same  task  could  also  be  accomplished  with  the  follow¬ 
ing  single  instruction: 


Mnemonic 

Hex  code 

Meaning 

LHLD 

2A 

Load  L  register  with  contents  of 

memory  location  4350  and  H 
with  contents  of  4351. 

50 

50 

43 

43 

Unfortunately,  this  instruction  is 

available  only  for  the  HL  register 

pair.  However, 

there  are  LOAD 

IMMEDIATE  instructions  which 

permit  any  of  the  register  pairs  to  be  loaded  with  the  data  given  in 
bytes  2  and  3  of  the  instruction.  In  this  way,  to  load  the  BC  register 
pair  with  the  data  A83C  the  programmer  simply  writes: 

Mnemonic 

Hex  code 

Meaning 

LXI  B 

01 

Place  the  data  3C  (byte  2)  in  the 

C  register  and  the  data  A8 
(byte  3)  in  the  B  register. 

3C 

3C 

A8 

A8 

Note  that  here  too  byte  2  is  placed  in  the  low-order  register  and  byte 
3  in  the  higher-order  register. 

The  last  instruction  in  the  data  transfer  group,  the  exchange 
(XCHG),  is  used  to  interchange  the  contents  of  the  HL  and  DE 
register  pairs.  This  operation  is  frequently  useful  in  programs 
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involving  the  simultaneous 
ing  schemes. 


employment  of  several  indirect  address- 


Arithmetic  Group 

In  order  to  fully  understand  the  instructions  contained  in  this  group, 
a  knowledge  of  binary  numbers  as  well  as  addition  and  subtraction 
procedures  m  bmnry  and  binary-coded-decimal  (BCD)  arithmetic  is 
netessaty.  those  readers  needing  a  review  in  these  subjects  should 
consult  one  of  the  references  given  at  the  end  of  the  chapter. 

The  first  four  sets  of  instructions  in  this  group  are  self-explanatory 
3)  except  to  note  that  the  ADD  WITH  CARRY,  and  SUB- 
IRAC  1’  Wll'l  I  BORROW  instructions  are  employed  when  perform¬ 
ing  mullibyte  arithmetic.  Examples  of  these  operations  will  be  given 
below.  Consider  first  a  simpler  program  involving  the  addition  of 
two  single-byte  numbers,  36h  and  4Ch.  The  following  are  two  possi¬ 
ble  techniques  for  performing  this  addition: 


Mnemonic 

Hex  code 

Mnemonic 

Hex  code 

MVI  A 

3E 

MVI  A 

3E 

36 

36 

36 

36 

MVI  B 

06 

ADI 

C6 

4C 

46 

4C 

4C 

ADO  B 

80 

In  the  example  given  on  the  left,  the  A  and  B  registers  are  first  loaded 
with  a  36»  and  4Ch  respectively,  and  the  contents  of  the  B  register  are 
added  to  A.  In  the  example  on  the  right,  A  is  again  loaded  with  a  36, 
but  then  an  ADD  IMMEDIATE  instruction  is  employed  in  which  the 
second  byte  of  the  instruction  is  itself  the  data  to  be  added  to  the 
accumulator.  For  both  cases  the  final  answer  in  the  accumulator,  the 
result  of  the  hexadecimal  addition  of  36»  and  4CH,  will  be  82H. 

For  large  numbers  an  8-bit  data  word  size  may  not  be  sufficient.  In 
such  cases  multibyte  arithmetic  will  be  required.  Consider  for  exam¬ 
ple  the  development  of  a  routine  to  perform  the  following  hexadeci¬ 
mal  subtraction: 

8AB3h 
-25  86„ 

65  2  Dh 

To  accomplish  this  with  our  8-bit  processor,  the  two  least  significant 
hexadecimal  characters,  or  lower-order  bytes,  are  first  subtracted 
(Xvhh  no  borrow),  and  then  after  this  is  done  the  higher-order  bytes 
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are  subtracted.  For  the  latter  case,  however,  a  SUBTRACT  WITH 
BORROW  is  required  to  take  into  account  the  possibility  that  th 
previous  lower-order  subtraction  generated  a  borrow.  One  possibl6 
program  to  perform  this  task  may  be  given  as: 


Mnemonic 

Hex  code 

Meaning 

LXI  B 

01 

Place  minuend  in  BC  pair  and 
subtrahend  in  DE  pair. 

B3 

B3 

8A 

8A 

LXI  D 

11 

86 

86 

25 

25 

MOV  A,  C 

79 

Subtract  lower-order  bytes  store 
lower-order  portion  of  result 
in  C. 

SUB  E 

93 

MOV  C.  A 

4F 

MOV  A.  B 

78 

Subtract  higher-order  bytes  with 
borrow. 

SBB  D 

9A 

MOV  B,  A 

47 

Store  higher-order  result  in  B. 

The  final  answer,  652DH,  is  stored  in  the  BC  register  pair.  A  complete 
listing  of  the  instructions  found  in  the  arithmetic  group  is  given  in 
Table  6.3  and  their  equivalent  hexadecimal  machine  code  listings  in 
Table  6.1. 

A  similar  program  could  also  be  written  to  perform  multibyte 
addition:  however,  the  double-byte  addition  of  two  numbers  can  be 
directly  accomplished  by  making  use  of  the  special  register-pair 
double  ADD  instructions.  Here  the  register  pair  specified  in  the 
instruction  (HL,  BC,  DE,  SP)  is  added  to  the  HL  pair,  and  the  result 
stored  in  the  HL  registers.  One  interesting  application  of  this 
instruction  is  obtained  when  the  HL  register  pair  is  added  to  itself, 
that  is,  when  a  DAD  H  instruction  is  executed.  Whenever  a  number 
is  added  to  itself,  twice  the  original  answer  is  obtained.  Therefore, 
this  instruction  may  be  used  to  multiply  the  contents  of  the  HL 
register  pair  by  2  and  is  particularly  useful  as  part  of  a  general 
multiplication  subroutine.  One  additional  feature  of  this  instruction 
is  that,  since  multiplication  by  2  in  binary  systems  is  the  same  as  a 
shift  left,  the  execution  of  a  DAD  H  instruction  produces  a  single-bit 
shift  left  in  the  HL  register  pair. 

The  meanings  of  the  increment  and  decrement  register,  memory, 
and  register-pair  instructions  are  apparent.  These  types  of  instruc¬ 
tions  are  often  used  for  loop  counting,  where,  for  example,  a  register 
is  decremented  and  continuously  tested  for  0.  When  the  register 
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reaches  0,  the  looping  operation  is  terminated  and  the  remainder  of 
the  program  executed.  One  note  of  caution,  however;  the  INX  and 
DCX  registei-pair  instructions  do  not  affect  the  flags  (see  Table  5  3) 
and  hence  they  cannot  be  easily  used  as  loop  index  counters.  ' 
The  decimal- adjust- the-accumulator  (DAA)  instruction  is  em¬ 
ployed  when  working  with  BCD  arithmetic.  As  an  example  of  the 
application  of  this  instruction,  consider  the  addition  of  the  two  BCD 
numbers  43„  and  38„.*  If  these  numbers  were  just  added  by  ordinary 
binary  addition,  the  result  would  be  8B,  which  is  not  the  correct 
decimal  answer.  By  applying  the  DAA  instruction  to  this  intermedi¬ 
ate  result,  the  correct  answer,  81,  is  obtained.  A  partial  program 
listing  to  perform  this  decimal  addition  would  be  written  as: 

Hex  code  Meaning 

3E  Load  the  data  to  be  added  into  the 

A  and  B  registers. 

43 

06 
37 

80  Perform  binary  addition  of  A  and  B. 

27  Decimal  adjust  the  result. 


Mnemonic 


MVI  A 
43 

MVI  B 
37 

ADD  B 
DAA 


Logical  Group 

These  instructions  allow  for  logical  AND,  OR,  XOR,  and  bit-shifting 
operations  to  be  performed  on  the  accumulator.  The  additional  data 
for  implementing  these  instructions  is  found  either  in  the  second 
byte  of  the  instruction  (immediate  data)  or  in  one  of  the  general- 
purpose  registers.  All  logical  operations  are  performed  on  a  bit-by- 
bit  basis,  so  that,  for  example,  when  the  A  and  B  registers  are 
ANDed"  together,  bit  D7  of  A  is  "ANDed"  with  D7  of  B,  etc.  Those 
readers  unfamiliar  with  these  logical  operations  should  refer  to  any 

of  the  references  at  the  end  of  the  chapter  for  a  complete  description 
of  these  terms. 

Besides  their  obvious  logical  functions,  these  instructions  may  be 
employed  for  masking,  clearing,  and  setting  of  specific  bits  in  the 
accumulator.  Suppose,  for  example,  that  the  programmer  wishes  to 

8nsn  -^e  accumu^ator'  ^at  is,  set  it  equal  to  0.  A  quick  glance  at  the 
-‘ruction  listing  given  in  Table  6.4  reveals  that  while  it  is 
tj^SI  to  se*  ar,d  complement  the  carry  as  well  as  to  complement 
e  accumulator,  no  specific  instruction  exists  to  clear  it.  However, 


(or  RrrvSCr'*31  ^  ^0*'0vving  each  number 
number. 


means  that  it  is  to  be  considered 


as  a  decimal 
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TABLE  6.3  ARITHMETIC  GROUP  INSTRUCTIONS 


Number  of 
bytes 

1. 

Add  to  accumulator 

ADD  reg.  or  mem.  ref. 

1 

ADI  data 

2 

2. 

Add  with  carry  to  accumulator 

ADC  reg. for  mem.  ref. 

1 

ACI  data 

2 

3. 

Subtract  from  accumulator 

SUB  reg.  or  mem.  ref. 

1 

SUI  data 

2 

4. 

Subtract  with  borrow  from  accumulator 

SBB  reg.  or  mem.  ref. 

1 

SBI  data 

2 

5. 

Double  byte  add  register  pair  to  H,L 

DAD  reg.  pair  (B,C;  D, E;  H,L;  S,P) 

1 

6. 

Decrement  register  or  pair 

INR  reg.  or  mem.  ref. 

1 

INX  reg.  pair  (B,C;  D,E;  H,L;  S,P) 

1 

7. 

Increment  register  or  pair 

DCR  reg.  or  mem.  ref. 

1 

DCX  reg.  pair  (B,C;  D,E;  H,L;  S,P) 

1 

8. 

Decimal  adjust  accumulator 

DAA 

1 

this  can  still  be  accomplished  using  either  of  the  two  following 
methods: 


Mnemonic  Hex  code 

MVI  A  3E 

00  00 

This  method  requires  a  2-byte  instruction;  however,  the  same 
result  can  be  accomplished  in  a  single  byte  by  writing: 

Mnemonic _ Hex  code 

XRA A  AF 

Here  the  accumulator  is  simply  "exclusive-ORed"  with  itself.  Recall 

that  in  an  exclusive-OR  (XOR)  operation,  a  nonzero  result  is 

obtained  only  when  the  input  bits  are  different.  However,  since  each 

it  in  the  accumulator  will  be  XORed  with  itself,  these  input  bits  will 

always  be  the  same,  and  therefore  the  result  in  each  case  will  be  0, 
clearing  the  accumulator. 


TABLE  6.4  LOGICAL  GROUP  INSTRUCTIONS 
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Number  of 

- - -  fry/cs 

1.  Logical  AND  with  accumulator 

ANA  reg.  or  mem.  ref. 

ANI  data  ^ 

2.  Exclusive  OR  with  accumulator  2 

XRA  reg.  or  mem.  ref. 

XRI  data  ^ 

3.  Logical  OR  with  accumulator 

ORA  reg.  or  mem.  ref. 

ORI  data 

4.  Compare  with  accumulator 

CMP  reg.  or  mem.  ref. 

CPI  data  2 

NOTE:  No  changes  are  made  to  the  accumulator  only  the 
flags  are  set. 

5.  Rotate  accumulator  1  bit 
Left  RLC 

Right  RRC  ] 

Left  through  carry  RAL  1 

Right  through  carry  RAR  1 

6.  Complement  accumulator  CMA  1 

7.  Set  carry  bit  STC  1 

8.  Complement  carry  bit  CMC  1 


In  some  applications  it  is  necessary  to  "mask  off"  or  strip  away  a 
particular  part  of  a  data  word  and  replace  it  with  either  Is  or  Os.  For 
example,  suppose  the  data  in  the  accumulator  were  a  9B,  and  further 
suppose  that  it  was  desired  to  remove  from  the  word  its  most 
significant  hex  character,  the  9,  and  replace  it  by  a  0.  A  programmer 
formulating  this  procedure  would  plan  to  mask  off  the  four  most 
significant  bits  in  the  accumulator.  One  method  of  achieving  this  is 
illustrated  in  Fig.  6.8.  Each  bit  in  the  accumulator  is  "ANDed"  with 


Original  word 


Mask 


Result 


9B 

OF 

OB 


Fi9ure  6.8  AND  masking  of  a  word  in  the 

accumulator. 
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07  Do 


Figure  6.9  OR  masking  of 
accumulator. 


Original  word  03 

Mask  80 

Result  B5 

a  word  in  the 


its  corresponding  mask  bit,  effectively  stripping  away  bits  D4  to  D 7 
from  the  original  accumulator  word  and  replacing  them  by  Os. 

At  times  an  effect  opposite  to  that  previously  discussed  is 
required;  that  is,  it  is  necessary  to  set  bits  to  one  at  specific  locations 
in  the  word.  For  example,  let's  suppose  that  it  is  necessary  to  set  bit 
D 7  in  the  accumulator  to  one.  To  do  this  the  accumulator  is  simply 
"ORed"  with  a  data  word  having  a  one  in  the  D 7  location  and  zeros 
at  all  other  positions.  This  operation  guarantees  that  the  selected  bits 
will  be  set  to  one,  while  the  remaining  bit  locations  in  the  word  will 
be  unaffected  (Fig.  6.9). 

The  rotate  instructions  in  the  logical  group  allow  the  data  con¬ 
tained  in  the  accumulator  to  be  shifted  one  bit  to  the  left  or  right.  The 
rotate  is  of  the  end-around  type  and,  as  shown  in  Fig.  6.10,  may 
either  include  or  not  include  the  carry  bit.  When  a  ROTATE  WITH¬ 
OUT  CARRY  instruction  is  executed,  for  example,  a  rotate  accumula¬ 
tor  right  (RRC),  each  bit  moves  down  one  position  to  the  right,  that 
is,  D 7  to  D6,  D6  to  D5,  etc.  In  addition  the  least  significant  bit  DO 
rotates  into  both  D 7  and  the  carry  flag  bit.  In  a  rotate  including  the 
carry,  for  example,  an  RAR  instruction,  the  bit  shifting  is  the  same  as 
before  within  the  accumulator.  However,  for  this  case  DO  is  shifted 
into  the  carry  bit,  and  the  carry  into  accumulator  bit  D 7  (Fig.  6.101;). 


Figure  6.10  Rotate  accumulator  operations,  (a)  Rotate  right 
without  carry  (RRC);  (b)  rotate  right  with  carry  (RAR). 
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These  rotate  instructions  are  especially  useful  for  implementing 
multiply  and  divide  functions,  for  serial  data  transmission,  and  for 
individual  bit  testing  on  a  given  word.  For  example,  suppose  that 
one  wished  to  test  the  status  of  bit  D2  in  the  accumulator.  This  could 
be  accomplished  by  rotating  D2  into  the  carry  bit  position  and  then 
testing  the  carry  to  determine  its  value.  The  three  rotate  instructions 
shown  in  the  example  below  move  accumulator  bit  D2  into  the  carry 
flag  position. 


Mnemonic 


RAR 
RAR 
RAR 
JNC  X 
JMP  Y 

If  the  flag  is  0,  the  program  will  branch  to  address  X,  and  if  it  is  1,  it 
will  be  directed  to  address  Y. 

One  additional  note:  for  the  carry  bit  to  be  cleared,  it  must  first  be 
set  to  1  and  then  complemented,  since  no  clear  carry  instruction  is 
available. 


Branch  Group 

No  computer  instruction  set  is  complete  unless  it  includes  some  type 
of  branching  operations.  Otherwise  the  processor  is  doomed  to 
execute  the  same  list  of  instructions  in  one  specific  sequence  forever. 
The  branch  group  instructions  allow  the  microcomputer  to  alter  the 
program  execution  sequence  in  response  to  specific  types  of  data, 
data  processing  results,  or  input  conditions.  The  various  subcatego¬ 
ries  within  the  branch  group  are  listed  in  Table  6.5. 

A  jump  is  an  instruction  which  permits  the  program  execution 
sequence  to  be  altered.  In  the  8080  all  jumps  are  3-byte  instructions 
in  which  the  first  byte  indicates  the  type  of  jump  instruction  being 
implemented,  and  the  remaining  bytes  the  address  to  be  jumped  to. 
The  8080  instruction  set  includes  both  conditional  and  unconditional 
jumps. 

Whenever  an  unconditional  jump  is  executed,  the  program 
counter  (PC)  is  loaded  with  bytes  2  and  3  of  the  instruction,  and 
Program  execution  continues  from  the  "jumped  to"  address.  For  the 
case  of  conditional  jumps,  however,  the  jump  is  executed  only  when 
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the  condition  specified  by  the  instruction  is  satisfied.  Otherwise,  the 
instruction  is  ignored,  and  the  execution  sequence  continues  at  the 
location  following  the  jump.  In  the  8080,  conditional  jumps  are 
available  which  test  the  zero,  carry,  parity,  and  sign  flag  bits  (see 
Table  5.3).  As  an  application  of  the  conditional  jump  consider  the 

following  partial  program  listing: 

Mnemonic  Hex  code 


DCR  E  ID 

JZ  CA 

47  47 

3C  3C 


Here  when  the  decrement  E  (DCR  E)  instruction  is  executed,  it  affects 
all  of  the  flag  bits,  and  therefore  if  the  E  register  is  0,  the  zero  flag  bit 
will  be  set  to  1.  When  the  jump  on  zero  (JZ)  instruction  is  executed 
next,  it  tests  the  condition  of  the  zero  flag  bit,  and  if  it  is  found  to  be 
set  to  1,  will  cause  a  branch  to  memory  location  3C47H.  If  this  flag  bit 


TABLE  6.5  BRANCH  GROUP  INSTRUCTIONS 


Number  of 
bytes 


1.  Jump  instructions 
Unconditional 

Direct  JMP  addr  3 

Indirect  PCHL  1 

Conditional 

Zero  flag  JZ  addr  3 

JNZ  addr  3 

Carry  flag  JC  addr  3 

JNC  addr  3 

Parity  flag  JPE  addr  3 

JPO  addr  3 

Sign  flag  JP  addr  3 

JM  addr  3 

2.  Call  instructions 

3.  Restart  instructions 

4.  Return  instructions 
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is  0,  then  program  execution  will  simply  continue  at  the  location 
following  the  jump  instruction.  The  point  to  note  here  is  that  the  flag 
conditions  tested  for  are  determined  by  the  last  instruction  immedi¬ 
ately  preceding  the  conditional  jump  which  affected  them.  The  fol¬ 
lowing  example  illustrates  one  common  8080  programming  error: 


ADI  A 
35 

DCX  B 
JP 
47 
3C 

Here  the  programmer  expected  to  continue  jumping  to  location  3C47 
as  long  as  the  BC  register  pair  was  greater  than  or  equal  to  0,  when  in 
fact  what  was  actually  tested  for  in  the  jump  instruction  was  the  sign 
of  the  accumulator  contents  after  the  data  word  35  was  added  to 
them.  This  situation  arose  because,  as  shown  in  Table  5.3,  the 
register  increment  (INX)  and  decrement  (DCX)  instructions  don't 
affect  the  flag's  register,  and  therefore  the  conditional  jump  branch 
direction  will  be  determined  by  the  last  instruction  which  affected 
the  sign  flag  bit,  in  this  case  the  add  immediate  (ADI)  instruction. 

In  addition  to  those  branch  instructions  in  the  jump  category, 
similar  sets  of  instructions  are  available  to  call  a  subroutine,  and  to 
return  from  it.  In  the  sample  subroutine  given  below,  the  program 
checks  to  see  if  the  number  currently  in  the  accumulator  is  divisible 
by  3.  It  does  this  by  performing  successive  subtractions  of  3  from  the 
A  register. 


Hex 

Symbolic 

address 

address 

Mnemonic 

Meaning 

4000 

4001 

Start 

SUB  1 

03 

Subtract  3  from  A. 

4002 

RM 

If  return  here,  number  is 

4003 

not  divisible  by  3, 

CZ  YES 

If  this  routine  called. 

number  is  divisible 

4004 

4005 

4006 

4007 

4008 

73 

D5 

JMP  START 

00 

40 

by  3. 
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Eventually,  if  the  original  number  is  not  divisible  by  3  a 
result  will  be  produced  in  A,  and  the  routine  will  execute  thn,e8ative 
on  minus  (RM)  instruction.  If,  however,  the  A  register  inv? 
contains  a  multiple  of  3,  then  eventually  as  it  is  continually  H  ^ y 
mented  by  3,  it  will  reach  zero.  When  this  happens,  the  call  on  zem 
(CZ)  instruction  will  cause  a  jump  to  the  subroutine  YES  startin 
memory  location  D573,  which  will  indicate  to  the  operator,  perha^ 

Dr  De  Ds  d4  d3  d2  d,  Do  on  s°™e  type  of  display,  that  the  orfl 

[~i  r"i'  1  n3  1  n2  1  N, 1  i  1  i  '  i  I  inal  number  in  A  was  in  fa^t  divisible 
•— - - 1  by  3. 


Figure  6.11  Basic  structure  The  restart  (RST  r )  instruction  is 
of  the  restart  instructions.  actually  a  special  single-byte  CALL 

instruction  which  is  only  permitted  to 
jump  to  one  of  eight  different  points  near  the  beginning  of  memory. 
When  this  instruction,  like  all  CALL  instructions,  is  executed,  the 
current  contents  of  the  PC  are  saved  on  the  top  of  the  stack,  and  the 
program  counter  is  loaded  with  an  address  whose  value  is  eight 
times  N3N2N,  given  in  Fig.  6.11.  The  hex  code  for  each  of  the  eight 
possible  restart  instructions  is  obtained  by  placing  the  restart 
address  in  bits  D3,  D4,  and  D5,  and  ones  in  all  other  bit  locations. 
For  example,  the  binary  code  for  an  RST  0  instruction  would  be 
1 1000111,  or  C7  in  hex  code.  When  executed  it  would  initiate  a  CALL 
instruction  to  memory  location  0000H.  A  summary  of  all  possible 
RST  instructions,  along  with  their  respective  restart  points  in  mem¬ 
ory,  is  given  in  Table  6.6. 

It  should  be  noted  that  this  is  also  the  method  employed  by  the 
8080  to  execute  interrupts.  When  an  interrupt  is  recognized  by  the 
machine  and  the  interrupt  acknowledge  signal  is  sent  out  by  the 
processor,  the  latter  is  requesting  that  the  interrupting  device  jam  a 
restart  address  onto  the  data  bus  by  appropriately  pulling  down  bit 


TABLE  6.6  THE  RESTART  INSTRUCTION 


Mnemonic 

Binary  code 

Hex 

Address 

"called" 

D7 

D6 

D5 

D4 

D3 

D2 

D1 

DO 

code 

RST.  0 

1 

1 

0 

0 

0 

1 

1 

1 

Cl 

0000 

RST.  1 

1 

1 

0 

0 

1 

1 

1 

1 

CF 

0008 

RST.  2 

1 

1 

0 

1 

0 

1 

1 

1 

D7 

0010 

RST.  3 

1 

1 

0 

1 

1 

1 

1 

1 

DF 

0018 

RST.  4 

1 

1 

1 

0 

0 

1 

1 

1 

E7 

0020 

RST  5 

1 

1 

1 

0 

1 

1 

1 

1 

EF 

0028 

RST.  6 

1 

1 

1 

1 

0 

1 

1 

1 

F7 

0030 

RST.  7 

1 

1 

1 

1 

1 

1 

1 

1 

FF 

0038 

Figure  6.12  Simplified  vectored  interrupt  circuit. 

lines  D3,  D4,  and/or  D5.  The  processor  then  inputs  this  data  bus 
information  to  the  instruction  register  and  executes  it  as  the  next 
instruction.  If  none  of  the  data  bus  lines  were  pulled  down,  they 
would  all  float  high  (FF),  and  an  RST7  instruction  would  be  input  to 
the  IR  and  executed  by  the  processor  in  response  to  the  interrupt. 

To  achieve  /'vectoring,,  to  other  memory  locations,  the  proper  bit 
values  must  be  created  in  D3,  D4,  and  D5  in  response  to  the  INTA 
signal.  Shown  in  Fig.  6.12  is  a  simplified  vectored  interrupt  circuit. 
This  circuit  generates  an  RST6  whenever  an  interrupt  from  device  6 
occurs.  Therefore,  the  SERVICE  routine  associated  with  this  particu¬ 
lar  interrupt  would  begin  at  memory  location  0030. 

Slack,  I/O,  and  Machine  Control  Group 

This  group  of  instructions  (Table  6.7)  manipulates  data  on  the  stack, 
controls  the  flow  of  data  to  the  outside  world,  operates  the  interrupt 
system,  and  governs  the  status  of  the  machine. 

The  input  and  output  instructions  are  2-byte  commands,  with  the 
first  byte  indicating  whether  it  is  an  input  or  output  instruction,  and 
the  second  byte  which  of  the  256  distinct  I/O  ports  is  being 
addressed.  Thus  to  read  data  from  input  port  38  into  the  accumula¬ 
tor,  the  programmer  writes: 

Mnemonic  Hex  code  Meaning  _ 

IN  Q0  Read  data  currently  at 

input  port  38  into  A. 


38 


38 
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TABLE  6.7  I/O,  STACK,  AND  MACHINE  CONTROL  GROUP 
INSTRUCTIONS 


Number 
of  boxes 


1. 

Input  to  accumulator  from  input  port 

j 

IN  port  number 

2 

2. 

Output  to  output  port  from  accumulator 

OUT  port  number 

2 

3. 

Enable  interrupts 

El 

1 

4. 

Disable  interrupts 

Dl 

1 

5. 

Push/pop  register  pair 

(BC,  DE,  HL,  PSW) 

1 

6. 

Exchange  top  of  stack  with  HL  XTHL 

1 

7. 

Move  HL  to  SP 

SPHL 

1 

8. 

Halt  HLT 

1 

9. 

No  operation  NOP 

1 

To  output  data  to  port  FF  from  the  accumulator,  the  corresponding 


instruction  is: 

Mnemonic 

Hex  code 

Meaning 

OUT 

D3 

Write  contents  of  A  into 

FF 

FF 

output  port  FF. 

In  addition  to  communicating  with  the  processor  by  means  of  the 
I/O  ports,  the  8080  also  provides'  the  user  with  an  external  interrupt 
control  line.  By  employing  the  interrupt  enable  and  disable  instruc¬ 
tions,  the  processor  may  choose  to  either  recognize  or  ignore  inter¬ 
rupts  during  a  specific  portion  of  the  program.  When  the  8080  is 
RESET,  interrupts  are  automatically  disabled  by  resetting  the  inter¬ 
nal  enable  interrupt  flip-flop,  and  therefore,  if  it  is  necessary  that 
interrupts  be  processed,  it  is  first  necessary  to  execute  an  enable 
interrupt  (El)  instruction  on  coming  out  of  reset.  In  addition,  once  an 
interrupt  is  recognized  by  the  processor,  the  interrupt  flip-flop  is 
reset  to  prevent  the  occurrence  of  multiple  interrupts. 

As  mentioned  in  Sec.  5.6,  in  servicing  interrupts  and  in  executing 
subroutines,  the  contents  of  the  processor's  internal  data  registers 
are  frequently  altered,  and  it  is  therefore  convenient  to  have  a 
temporary  storage  area  for  this  information  while  executing  these 
routines.  In  the  8080  this  data  may  be  stored  in  the  stack  by  making 
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use  of  the  PUSH  and  POP  instructions.  For  example,  to  store  the 
contents  of  the  BC  register  pair  on  the  stack,  only  a  single-bvte  PUSH 
B  instruction  is  required.  When  this  instruction  is  executed  the 
contents  of  the  B  register  are  stored  on  the  current  top  of  the  stack 
the  stack  pointer  (SP)  register  decremented,  and  the  C  register  con¬ 
tents  then  pushed  into  the  next  lower  byte  of  memory.  To  execute  the 
POP  B  instruction,  the  processor  reverses  the  procedure,  and  the 
data  on  the  top  of  the  stack  is  placed  back  in  the  BC  register  pair  (Fig. 
6.13).  It  is  interesting  to  observe  that  after  executing  a  PUSH  B 
instruction,  the  microprocessor  has  no  way  of  knowing  that  the  data 
currently  on  the  top  of  the  stack  belongs  to  the  BC  register  pair,  and 
therefore,  if  this  instruction  were  followed  by  a  POP  D,  the  data  in 
the  BC  pair  would  effectively  be  transferred  to  the  DE  registers. 

As  shown  in  Fig.  6.13,  the  SP  register  always  points  to  the  last  data 
entered  on  the  stack,  the  so-called  top  of  the  stack,  although,  since 
the  8080  loads  the  stack  from  the  top  down,  the  location  pointed  to 
might  more  appropriately  be  called  the  “bottom  of  the  stack."  The  SP 
register  may  be  initialized  by  using  the  LXI  instruction  previously 
discussed,  or  by  means  of  the  SPHL  instruction,  which  places  the 
contents  of  the  HL  pair  into  the  stack  pointer  register.  The  XTHL 
instruction  is  used  to  exchange  the  contents  of  the  HL  register  pair 
with  the  data  currently  on  the  top  of  the  stack. 

The  last  two  instructions  in  this  group,  the  HALT  and  the  NOP, 
are  particulary  interesting.  When  a  HALT  instruction  is  executed, 
the  processor  stops  dead  in  its  tracks  and  enters  a  HALT  state,  thus 


'9ure  6.13  Implementation  of  the  PUSH  and  POP  instructions,  (a)  Ongi- 
al  status  of  the  stack;  (b)  stack  contents  after  PUSH  B  is  executed:  (c) 
ack  c°ntents  after  POP  B  executed. 
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becoming  idle.  To  release  the  computer  from  this  state,  it  must  ..in, 
be  reset  or  interrupted.  The  NOP  (no  operation)  is  an  iX  " 
which  does  nothing;  that  is,  it  requires  4  clock  cycles  to  execute 
>  et  when  it  s  done  the  condition  of  the  processor  is  the  same  as  it  L', 
before  the  instruction  was  operated  upon.  Why  then  is  it  used’  Ii  h 
two  principal  applications.  The  first  is  to  waste  time,  i.e„  to  provid! 
a  time  delay.  With  a  2-MHz  clock,  each  NOP  executed  requires  2 
of  the  computer's  time-put  five  of  them  in  a  row,  and  you've  eener 
ated  a  10-ps  delay.  Clearly,  when  the  long  time  delays  are  needed 
this  method  is  unsuitable  because  a  huge  number  of  NOPs  would  be 
required.  For  generating  these  longer  delays,  a  more  efficient  algo¬ 
rithm  of  the  form  discussed  in  Sec.  6.5  is  needed. 


The  NOP  is  also  used  to  provide  the  program  with  blank  spaces 
which  may  later  be  filled  with  actual  instructions.  All  computer 
novices  think  that  the  programs  they  have  just  written  are  perfect 
and  will  never  need  any  modifications,  but  experienced  program¬ 
mers  know  that  this  is  rarely  the  case.  Anticipating  changes  and  later 
additions,  they  leave  space  for  modifications  in  the  form  of  NOPs 
scattered  throughout  the  program.  The  novice,  on  the  other  hand, 
has  made  the  program  "as  compact  as  possible"  right  from  the 
beginning  and  therefore,  when  that  extra  single-byte  instruction 
needs  to  be  added,  has  to  make  room  for  it  by  pushing  all  the 
instructions  below  it  down  by  1  byte.  A  development  system  may 
have  built-in  software  to  take  care  of  this  "insertion"  for  you,  but  if 
you  re  assembling  the  program  by  hand,  inserting  this  additional 
instruction  is  at  best  a  very  tedious  job. 


6.4  PROGRAMMING  EXAMPLES 

In  programming,  believe  it  or  not,  "neatness  counts."  The  care  with 
which  you  lay  out  the  problem  before  you  start  programming,  the 
quality  of  the  flowcharts  you  construct,  and,  most  important  of  all, 
the  way  you  write  out  the  coding  of  the  actual  program,  all  go  a  long 
way  toward  increasing  the  probability  that  your  program  will  run 
properly  on  the  first  shot.  The  basic  concepts  of  program  organiza¬ 
tion  and  flowcharting  have  already  been  discussed.  In  this  section 
we  will  introduce  the  program  coding  sheet  and  will  demonstrate, 
through  the  use  of  several  examples,  how  to  organize  and  write 
computer  programs  using  the  8080  microprocessor's  instruction  set. 

The  coding  sheet  shown  in  Fig.  6.14  may  be  divided  into  two  main 
areas  the  right-hand  side,  where  the  mnemonics  are  entered,  and 
the  area  on  the  left,  where  the  hexadecimal  codes  for  the  addresses 
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Hn 

tadecunal  code 

Mnemonic 

1 

Address 

Instruction 

Label 

Instruction 

• 

Comments 

ocoo 

C605 

ADI 

#05 

Add  05  (hexadecimal)  tc  A 

02 

80 

LOOP 

ADD 

B 

Add  B  to  A. 

03 

00 

NOP 

04 

2F 

CMA 

Complement  A 

05 

47 

MOV 

B  A 

Move  A  into  B 

06 

C20200 

JNZ 

LOOP 

LOOP  is  a  symbolic  address 

09 

76 

HLT 

Stops  processor. 

_ _ _ 1 

Figure  6.14a  The  program  coding  sheet. 
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t 

Y 

f 

i 
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> 

I 

1 

7. 

* 

v 

I 

1 


Flowchart  area 


and  instructions  are  placed.  Each  instruction  mnemonic  generally 
contains  two  parts — the  operation  (op  code)  and  the  operand.  The 
operation  portion  of  the  instruction  describes  the  action  to  be  per¬ 
formed,  and  the  operand  the  data  to  be  used  in  performing  it. 
Typical  examples  of  specific  8080  instruction 
mnemonics  are  given  in  the  figure.  Note  that 
several  of  them,  such  as  the  HLT  and  NOP, 
do  not  require  any  operands.  The  reader 
should  further  observe  that  some  of  the  oper¬ 
ands,  such  as  ADI  05,  MOV  M,A,  or  ADD  B, 
refer  to  registers  or  data,  while  others,  spe¬ 
cifically  the  operands  used  with  the  branch¬ 
ing  instructions,  indicate  the  branch 
address.  These  symbolic  addresses  refer  to 
specific  instruction  addresses  listed  in  the 
Labels"  column  and  are  used  to  symboli¬ 
cally  specify  the  branching  action  of  the 
Program. 

The  '  Comments"  column  is  the  place  on 
me  coding  sheet  where  all  documentation 
ln  ormation  should  be  placed.  Again,  pro¬ 
grams  devoid  of  entries  in  this  column  are 

7/ncomplete  and  will,  in  the  long  run,  be  of  limited  utility.  In 
1  ion  to  the  documentation  of  the  program,  a  space  should  be 
Vl  ec*  on  ^e  coding  sheet  for  entering  the  flowchart,  or  portion  of 
^  CUrrently  being  developed  (see  Fig.  6.14fr).  Like  the  comments 
gram  ^  -^e  ^owc^art  makes  reading  and  understanding  the  pro- 
Th^asier' anc*  it  should  therefore  be  utilized  whenever  possible. 
hex  ,e  e”*hand  side  of  the  coding  sheet  is  used  for  entering  the 
ecimal  equivalents  of  the  instruction  codes  as  well  as  their 


Figure  6.14b  The  pro¬ 
gram  coding  sheet. 


r 

*  * 
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corresponding  addresses.  For  simplicity,  think  of  the  65,536  words  ' 
the  8080  memory  space  as  being  composed  of  256  pages  of  256  lines 
(or  bytes)  per  page.  In  hexadecimal  notation  the  first  page  is  00  and 
the  last  FF,  with  similar  notation  utilized  for  the  line  numbers  The 
instruction  code  entries  follow  those  given  in  Table  6.1,  and 
depending  on  the  systems  you  have  available,  the  translation  process 
from  mnemonics  into  hex  code  can  be  done  either  with  an  assembler 
program  or  by  hand.  With  a  little  practice  you  should  find,  at  least  for 
small  programs,  that  hand  assembly  is  not  all  that  difficult. 

In  the  remainder  of  this  section  we  will  trace  through  the  develop¬ 
ment  of  four  sample  programs  from  flowchart  to  mnemonic  (source 
code)  listing  to  actual  hexadecimal  coding.  In  each  case  the  examples 
chosen  were  selected  for  their  demonstration  of  particular  program¬ 
ming  techniques  as  well  as  for  their  relevance  to  electronic  games. 

Example  1:  A  Random-Number  Generator 

In  developing  electronic  versions  of  various  games  of  chance,  some 
type  of  program  is  needed  to  simulate  "lady  luck"  and  assist  in 
rolling  the  dice,  in  selecting  cards  from  a  deck,  or  in  turning  a 
roulette  wheel.  The  routine  flowcharted  in  Fig.  6.15  is  used  to  pro¬ 
duce  "programmed  luck"  and  is  in  fact  a  pseudo-random  number 
generator.  Depending  on  the  number  N  initially  loaded  into  the  B 
register,  the  program  will  generate  random  numbers  having  values 
between  0  to  N  and  will  continue  to  do  so  until  the  player  alters  this 
sequence  by  hitting  a  key  on  the  control  panel,  creating  an  interrupt. 

The  program  operates  by  initially  loading  the  number  N  into  the  B 
register  and  then  successively  decrementing  it.  As  long  as  B  is  not 
equal  to  0,  the  program  keeps  jumping  back  to  LOOP  and  repeating 
this  process.  When  B  is  finally  reduced  to  0,  the  program  falls 
through  to  the  JMP  RANDOM  instruction,  and  the  B  register  is  again 
initialized.  Note  that  as  part  of  this  routine,  interrupts  are  continu¬ 
ously  enabled. 

If,  while  executing  this  program,  the  player  initiates  an  interrupt 
by  striking  the  console  key,  the  processor  will  stop  what  it's  doing 
and  jump  to  the  INTERRUPT  SERVICE  routine,  saving  the  return 
address  on  the  stack.  Once  in  the  interrupt  routine,  the  number  in 
the  B  register  at  the  time  the  interrupt  occurred  is  visually  displayed 
for  the  player  in  output  port  FF.  After  the  number  has  been  dis- 
p  ayed,  the  processor  returns  to  the  main  program.  This  process  can 
e  repeated  over  and  over  by  the  player,  and  the  odds  of  obtaining  a 
par  icu  ar  number  will  always  remain  the  same — one  out  of  (N  +  !)• 


Programming  137 


Hexadecimal  code _  Mnemonic 


Address 

Instruction 

Label 

Instruction 

Comments 

1000 

0633 

FB 

05 

C20210 

C30010 

RANDOM: 

LOOP: 

MVI  B,  #33 

El 

DCR  B 

JNZ  LOOP 

JMP  RANDOM 

Generates  random  numbers 
from  0  to  N  (for  this 
case  N  =  33H  =  51D). 

0038 

78 

D3FF 

C9 

INTERRUPT: 

MVI  A.  B 

OUT  #FF 

RET 

Displays  number  in  B 
register  at  the  time 
of  the  interrupt. 

Figure  6.15  A  random-number  generator. 


ixed  odds  of  this  sort  are  useful  for  games  involving  the  throwing  of 
lce  or  selection  of  cards  from  a  deck  with  replacement  after  drawing 
and  tor  games  like  roulette  where  the  probability  of  the  ball  falling 
mto  a  Particular  slot  remains  the  same  throughout  the  game. 

In  most  card  games,  however,  cards  are  drawn  without  replace- 
ment,  and  therefore  as  each  card  is  selected,  the  odds  for  getting  one 
specific  remaining  card  continue  to  change  and  in  fact  increase  as  the 
Qfck  &ets  smaller.  One  possible  program  for  generating  these  types 
pjaVa*.labIe  °dds  is  shown  in  Fig.  6.16.  Here  the  number  initially 
the°e  *n  re8ister  represents  the  original  size  of  the  deck.  At 

there*3/*  8ame  this  number  is  loaded  into  the  B  register,  and 

ea  ter  the  program  is  essentially  the  same  as  that  for  fixed  odds. 
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Subroutine 

INT 


MVI  C  “N 


Display  B 


MOV  B,  C 


Decrement  C 


DCR  B 


C<0 


B  =  0 


Return 


Go  to 
GAME  OVER 
routine 


Figure  6.16  A  random-number  generator  with  variable  odds. 

except  that  each  time  the  program  is  interrupted,  simulating  with¬ 
drawal  of  a  card,  the  number  in  the  C  register  is  decremented,  and 
the  odds  are  changed.  This  process  continues  until  the  deck  has  been 
exhausted  and  C  goes  negative,  at  which  time  the  GAME  OVER 
subroutine  (Fig.  6.17)  is  called. 


Example  2:  Packing  the  Deck 

In  order  to  see  how  the  VARIABLE  ODDS  subroutine  may  be 
employed  in  an  actual  card  game,  it  will  first  be  necessary  to  develop 
one  other  important  program — a  PACK  DECK  subroutine  (Fig.  6.17). 
This  subroutine  will  be  used  to  compact  and  relist  the  cards  remain- 
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Hexadecimal  code 
Address  Instruction  Label 


Mnemonic 


1F20 

21 

22 

23 

24 

25 

26 

27 

28 
2B 
2C 
2F 

1F30 

32 

34 


46 

23 

5E 

2B 

73 

23 

79 

BD 

C2211F 

OD 

FC  301 F 
C9 

3EFF 

D3FF 

C3341F 


PACK  DECK: 
PACK  MORE: 


- ^Jnstruction  Comments 


GAME  OVER: 


SELF: 


MOV 

INX 

MOV 

DCX 

MOV 

INX 

MOV 

CMP 

JNZ 

OCR 

CM 

RET 

MVI 

OUT 

JMP 


B,  M 
H 

E,  M 
H 

M.  E 
H 

A,  C 
L 

PACK  MORE 
C 

GAME  OVER 


A,  #FF 

#FF 

SELF 


Save  selected  card. 

Push  card  beneath  it 
into  vacated  space. 


Any  more  cards  to  pack? 
Any  more  cards  in  deck? 


Displays  an  FF  in  output 
part  FF  to  indicate  game 
over  and  then  stops. 


Figure  6.17  The  PACK  DECK  subroutine. 

ing  in  the  deck  after  one  card  is  drawn  without  replacement.  For  use 
with  this  routine,  the  data  corresponding  to  the  cards  in  the  deck  (1 
byte  per  card)  is  stored  as  a  list  at  the  52  memory  locations  1000H  to 
1033h  (Fig.  6.18).  In  this  listing,  the  least  significant  byte  of  the  data 
is  used  to  represent  the  card's  suit,  with  a  0  standing  for  hearts,  a  1 
for  diamonds,  a  2  for  spades,  and  a  3  for  clubs.  The  most  significant 


Memory 

location 

Data  stored 

Card  represented 

1000 

10 

Ace  of  hearts 

1001 

20 

Two  of  hearts 

1002 

30 

Three  of  hearts 

100C 

DO 

King  of  hearts 

100D 

11 

Ace  of  diamonds 

100E 

21 

Two  of  diamonds 

1032 

A  A  r\.  m 

C3 

Queen  of  clubs 

‘033 

D3 

King  of  clubs 

*  IQIITq  c  ^  q 

•'8  Original  deck  of  cards  list  in  memory. 


140  Electronic  Games 


byte  is  used  to  represent  the  face  value  of  the  card,  with  1  to  9  used 
for  the  corresponding  cards  and  A  for  a  ten,  B  for  a  jack,  C  for  a 
queen,  and  D  for  a  king.  Thus,  for  example,  a  C3  would  represent  a 
queen  of  clubs  and  a  40  a  four  of  hearts.  To  use  this  type  of  program 
in  an  actual  video  card  game  (see  Chap.  10),  an  additional  routine 
would  be  required  to  convert  these  codes  to  actual  pictures  of  the 
cards  on  a  screen,  but  for  now  we'll  consider  this  program  complete 
when  a  card  has  been  selected  from  the  deck,  its  hexadecimal  code 
displayed,  and  that  card  deleted  from  the  card  list. 

The  operation  of  the  PACK  DECK  routine  may  be  best  understood 
by  carefully  examining  both  the  program  listing  and  the  comments 
given  in  Fig.  6.17.  Note  that  the  HL  register  pair  initially  contains  the 
address  of  the  card  to  be  removed  from  the  deck,  the  B  register  holds 
the  selected  card,  the  C  register  contains  the  current  deck  size,  and  E 
acts  as  a  temporary  storage  register.  When  a  specific  card  is  selected 
by  loading  the  HL  pair  with  its  address,  it  is  placed  in  the  B  register 


Selected  card 

Number  of  Card  address 
Memory  listing  cards  selected  (HL  register 


Address 

Contents  (C  register)  (B  register) 

pair) 

Comments 

1000 

12  3 

? 

10  ?  ? 

1001 

30 

Initial 

1002 

B3 

values 

1003 

71 

1000 

12  2 

30 

1001 

After  1st  interrupt 

1001 

B3 

with  random 

1002 

71  End  of  deck 

number 

1003 

00 

01  selected 

1000 

B3  1 

12 

1000 

After  2d  interrupt 

1001 

71  End  of  deck 

with  random 

1002 

00 

number 

1003 

00 

00  selected 

1000 

End  of  deck  ® 

71 

1001 

After  3d  interrupt 

1001 

00 

with  random 

1002 

00 

number 

1003 

00 

01  selected 

1000 

00  -1 

B3 

1000 

After  fourth  interrupt 

1001 

00 

with  random 

1002 

00 

number 

1003 

00 

00  selected 

"Game  Over"- 

“All  cards  dealt  out 

Figure  6.19  Operation  of  the  PACK  DECK  subroutine. 
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Hexadecimal  code  _ 
Address  Instruction _ 

Mnemonic 

Label  Instruction 

Comments 

0038 

68 

INTERRUPT.  MOV  L,  B 

Main  routine  same  as  that 

2610 

MVI  H,  #10 

given  in  Fig  6.16. 

) 

CD201F 

CALL  PACK  DECK  See  Fig.  6-17  (pulls  card 

1 

78 

MOV  A,  B 

from  HL  address  and  places  in  B) 

1 

\ 

D3FF 

OUT  #FF 

Displays  number  currently  in  B. 

1 

i 

l 

1 

_ - 

C9 

RET 

^  Start  ^ 

r 

C  =  N 

r  .  ' 

Generate 
random 
numbers  from 
Oto  N 

Main 

program 


(Interrupt  \ 
routine  J 


f 

Form  card 
address 

t 

f 

Call 

PACK  DECK 

r 

Display  B 


^  Return  J 


Figure  6.20  Interrupt  routine  for  card  selection  without  replacement 
program. 


with  the  MOV  B,  M  instruction,  and  then  all  cards  remaining  on  the 
list  are  moved  up  one  space  in  memory.  This  movement  is  accom¬ 
plished  by  means  of  the  PACK  MORE  loop  in  the  program,  and  the 
reader  is  advised  to  trace  through  the  loop  one  time  using  a  specific 
address  to  demonstrate  how  this  packing  is  achieved.  The  overall 
operation  of  this  routine  is  best  illustrated  by  an  example  such  as  that 
given  in  Fig.  6.19.  Here  it  has  been  assumed  that  the  deck  initially 
contained  four  cards:  an  ace  of  spades  (12),  a  three  of  hearts  (30),  a 
jack  of  clubs  (B3),  and  a  seven  of  diamonds  (71).  The  complete 
Program  for  this  card  selection  game  makes  use  of  the  entire  PACK 
GbCK  subroutine  (Fig.  6.17)  and  also  the  Variable  Odds  Number 
er>eration  package  (Fig.  6.16),  with  the  interrupt  routine  modified 
jhown  ^  Fig.  6.20. 

C  actual  operation  the  random-number  routine  continuously 
^ro<^ucin8  numbers  that  vary  from  0  to  N,  where  N  is  the 
when^  CUrrently  stored  in  the  C  register.  On  interrupt,  that  is, 
he  Player  requests  a  card,  the  current  contents  of  the  B  register 
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are  used  to  form  the  playing  card's  address.  The  PACK  DECK  routine 
places  the  selected  card  in  the  B  register,  and  the  remainder  of  the 
interrupt  routine  outputs  the  selected  card  onto  the  visual  display. 

Let's  now  look  at  the  specific  program  shown  in  the  example.  On 
the  first  pass,  random  numbers  between  0  and  3  are  generated;  when 
the  player  interrupts  the  processor,  one  of  these,  a  01  in  the  example 
is  placed  in  the  L  register,  and  the  PACK  DECK  subroutine  executed 
The  card  addressed  by  the  HL  pair,  the  three  of  hearts  (30)  at  location 
1001,  is  stored  in  the  B  register  and  then  deleted  from  the  card  list.  In 
addition,  those  cards  beneath  the  three  of  hearts  on  the  list  are  then 
moved  up  one  position,  and  the  deck  size  decreased  by  one.  This 
process  continues,  as  shown,  with  the  four  cards  drawn  in  the 
following  order:  three  of  hearts,  ace  of  spades,  seven  of  diamonds, 
and  jack  of  clubs.  After  the  jack  has  been  dealt,  the  game  is  automati¬ 
cally  terminated,  since,  as  shown  by  the  fact  that  the  C  register 
contents  are  negative,  all  the  cards  have  been  dealt  out. 


Hexadecimal  code 


Mnemonic 


Address 

Instruction 

Label 

Instruction 

1000 

1E05 

START: 

MVI 

E,  #05 

02 

1606 

LOOP  1: 

MVI 

D,  #06 

04 

FB 

LOOP  2: 

El 

05 

15 

DCR 

D 

06 

CD1010 

CALL 

PACK 

09 

C20410 

JNZ 

LOOP  2 

OC 

ID 

DCR 

E 

0D 

CD1610 

CALL 

PACK 

10 

C20210 

CALL 

LOOP  1 

13 

C30010 

JMP 

START 

16 

F5 

PACK: 

PUSH 

PSW 

17 

43 

MOV 

B,  E 

18 

04 

INR 

B 

19 

14 

INR 

D 

1 A 

7A 

MOV 

A,  D 

IB 

07 

RLC 

1C 

07 

RLC 

ID 

07 

RLC 

IE 

07 

RLC 

IF 

80 

ADD 

B 

20 

47 

MOV 

B.  A 

21 

15 

DCR 

D 

22 

D3FF 

OUT 

#FF 

24 

FI 

POP 

PSW 

25 

C9 

RET 

0038 

F5 

INTERRUPT: 

PUSH 

PSW 

39 

CDE600 

CHECK: 

CALL 

KEYBD 

3C 

FED3 

CPI 

#D3 

3E 

C23900 

JNZ 

CHECK 

41 

FI 

POP 

PSW 

42 

C9 

RET 

Comments 


L 

O 

o 

p 


L 

O 

o 

p 

1 


Save  flags. 


Shift  D  to  most 
significant  byte. 

Pack  in  E. 

Place  result  in  B. 


Display  rolling  dice. 
Recover  flags. 

Save  A 

Check  for  ASC  II  key 
“S"  (Start  roll  key) 
depressed 
Recover  A. 
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Figure  6.21  Electronic  craps. 


Example  3:  Electronic  Craps3 

As  another  example  of  the  utility  of  the  random  number  generation 
techniques  previously  discussed,  let's  consider  the  design  of  an 
electronically  operated  crap  game.  The  overall  program  strategy  is 
^lustra ted  in  the  flowcharts  and  program  listings  given  in  Fig.  6.21. 
he  main  program  continuously  "rolls  the  dice"  in  the  D  and  E 
registers;  that  is,  it  produces  random  numbers  in  these  registers 


3&ased 


Y0rk  °n  an  original  idea  submitted  to  the  authors  by  G. 


Foulkes,  White  Plains,  New 
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corresponding  to  the  numbers  1  through  6  found  on  the  faces  0f 
die.  On  each  pass  through  the  loops  in  the  main  program,  the  l°a  8 
significant  bytes  in  the  D  and  E  registers  are  combined  togeth^ 
using  the  PACK  subroutine,  and  the  resulting  word  placed  in  the  R 
register.  In  the  actual  program,  the  numbers  in  D  and  E  vary  from  0 
to  5  and  are  incremented  before  being  packed  into  B.  Thus  f0r 
example,  a  05  in  D  and  a  03  in  E  would  be  packed  as  follows: 


D  register  E  register 


When  the  program  is  running,  these  numbers  are  continuously 
changing  (rolling)  in  the  display.  To  stop  the  dice  from  rolling,  the 
player  hits  the  STOP  key,  which  creates  an  interrupt  causing  the 
processor  to  enter  the  INTERRUPT  SERVICE  routine.  In  this  routine 
the  dice  no  longer  roll,  and  the  last  number  in  the  B  register  remains 
on  the  display.  To  determine  when  to  exit  this  routine,  the  processor 
continually  checks  to  see  whether  or  not  key  S,  labeled  "Start  Roll," 
has  been  struck.  To  do  this  the  processor  monitors  the  keyboard 
input  port  by  using  the  KEYBOARD  IN  subroutine,  which  will  be 
discussed  later.  When  the  S  key  is  struck,  producing  a  hex  code  D3  in 
the  A  register,  the  processor  leaves  the  interrupt  routine  and  returns 
to  the  main  program,  and  again  the  dice  start  rolling. 

Perhaps,  as  a  review  of  programming  principles,  it  might  be 
worthwhile  to  discuss  the  fine  details  of  this  program.  Let's  begin 
with  the  PACK  subroutine  and  examine  the  register  contents  after 
each  instruction  is  executed,  assuming  that  D  and  E  initially  contain 
an  02  and  an  04,  respectively  (Fig.  6.22).  On  entering  this  routine,  the 
contents  of  the  flags  register  are  saved  by  being  pushed  onto  the 
stack.  The  next  sequence  of  instructions,  1017  to  1021,  increments 
and  packs  the  DE  register  contents  into  the  B  register  for  display. 
Note  that  on  return  to  the  main  program  the  DE  register  contents  are 
unaltered  (Fig.  6.22).  In  addition,  since  the  status  word  (A  and  Flags 
registers)  is  popped  off  the  stack  just  prior  to  returning  to  the  main 
program,  the  zero  flag  bit  value  is  determined  by  the  decrement 
instruction  which  was  executed  prior  to  entering  the  subroutine. 
Thus,  for  example,  when  the  PACK  subroutine  returns  control  to  the 
main  program  at  location  1009,  the  branching  of  the  JNZ  instruction 
at  that  location  will  be  determined  by  the  value  to  which  the  zero  flag 
was  set  by  the  previous  DCR  D  instruction  at  address  1005. 
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* 

t 

Reg 

istcr  contents  after 

instruction 

Instruction 

aiUiressed  at  left  is  executed 

'<  address 

A 

B 

D 

E 

t 

\ 

|  10  17 

—Initial  values  ? 

? 

02 

04 

9 

04 

02 

04 

1 8 

? 

05 

02 

04 

19 

i 

? 

05 

03 

04 

1 A 

4 

03 

05 

03 

04 

f 

i 

IE 

30 

05 

03 

04 

1  IF 

35 

05 

03 

04 

20 

35 

35 

03 

04 

21 

1 

35 

35 

02 

04 

Figure  6.22 

Operation  of  the  DICE  PACK  subroutine. 

In  the  interrupt  routine,  the  accumulator  contents  are  saved  by  use 
of  the  PSW  instruction  prior  to  entering  this  routine  because  this 
data  could  be  needed  later  by  the  PACK  subroutine.  The  details  of 
the  KEYBOARD  INPUT  subroutine  will  not  be  discussed  at  this 
point,  except  to  note  that  when  the  processor  enters  this  routine  it 
will  stay  there  until  a  key  is  struck  on  the  player's  keyboard.  When 
the  processor  returns  from  this  routine  (after  a  key  has  been  hit),  the 
equivalent  ASCII  entry4  for  the  particular  key  struck  will  have  been 
placed  in  the  accumulator.  Through  the  action  of  the  compare  imme¬ 
diate  (CPI)  instruction,  the  value  of  the  data  contained  in  A  is 


compared  with  the  ASCII  entry  for  the  key  S  (a  D3).  The  program  will 
remain  "hung  up"  in  this  loop  until  an  S  key  is  eventually  hit.  When 
this  occurs,  the  CPI  instruction  will  set  the  zero  flag  bit,  the  JNZ 
instruction  will  not  branch  back  to  location  0039,  the  A  register  will 
he  reloaded  with  its  original  data,  and  control  will  be  returned  to  the 


main  program. 

The  main  program  contains  two  nested  loops  (loops  within  loops). 
ln  LOOP  2  the  D  register  contents  are  continuously  decremented 
until  D  becomes  0,  and  then  the  program  drops  into  LOOP  1.  Here,  E 
ls  Ceremented  by  1,  D  is  reinitialized  by  06,  and  the  program 
reenters  LOOP  2.  As  long  as  the  program  remains  within  these 
Ps'  *he  changing  DE  register  contents  are  continuously  packed 


(American  Standard  Code  for  Information  Interchange)  is  an  internationally 
^prrte^  COdC  °ften  USed  wifh  e!ectronic  keyboards  and  telecommunication 
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into  the  B  register  and  displayed,  giving  the  appearance  of  rollin 
dice.  Eventually,  as  shown  below,  both  D  and  E  are  simultaneously 
0,  and  at  this  point  the  JMP  START  instruction  is  executed,  and  the 
process  begins  anew. 


D  register 
contents 


E  register 
contents 


Comments 


06 

05 

05 

05 

04 

05 

03 

05 

02 

05 

01 

05 

00 

05 

00 

04 

06 

04 

00 

04 

00 

03 

03 

01 

02 

01 

01 

01 

00 

01 

00 

00 

06 

05 

Initialized  values 


One  complete  cycle 


New  cycle  begins 

It  sh°uld  be  apparent  from  a  careful  examination  of  the  listing  above 
at  even  though  all  combinations  come  up,  these  dice  are  "loaded." 

if  you  understand  the  direction  in  u-  - 

T ,  ,,  on  in  which  the  bias  exists,  you  car 

- «  •»*.  — 

Example  4:  A  General-Purpose  Time  Delay 

fuTtToTgrt^  *he  mi«oprocessor's  speed  if 

ball  back  in  1  ^  rr,c  ^  *  ?  y  a8ainst  a  machine  wants  it  to  hit  th< 

in  3  ms!lr«teadwe  prefer  som^tv^  °U‘f  ^  “*•  a  P«*« 

these  chores  arp  ra  •  a  yPe  ^uman  behavior  in  whicl 

slowing  down  of  th/n  ^  °Ut  Sl°Wly  by  the  machine-  This 

making  use  of  time-del^routineT153"6111  SPeed  iS  accomPlished  b’ 
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In  Sec.  6.3  we  discussed  how  the  NOP  cm  hp  .  , 
short  time  delays  but  soon  becomes  inadequate  when"  i  *°  8e"e.rate 
are  required.  The  program  illustrated  in  Re  6  23  ic  ^ 
applicable  Ihan  the  NOP  and  is  suitable  for  c^atfng 
from  a  few  microseconds  to  nearly  a  second  r3C-?  u  .  .  8  n8 

hanging  the  program  up  in  a  ,00/ 

dependent  on  the  delay  required.  1  Passes 

The  total  delay  produced  depends  on  the  numbers  initially  loaded 
,nto  the  D  and  E  registers  and  on  the  number  of  clock  cycles  required 
for  each  instruction.  If  we  examine  the  loop  portion  of  the  program 
we  see  that  each  pass  through  the  loop  requires  24  clock  cycles- 


Initialize  D  and  E  registers 
LOOP  DCX D 

MOV  A,  E 
ORA  D 
JN2  LOOP 


(5) 

(5) 

(4) 
(10)  J 


■  24  clock  cycles  per  pass 


The  loop  is  exited  when  both  D  and  E  are  0.  Unfortunately,  the  DCX 
instruction  does  not  affect  any  flags,  so  the  zero  condition  is  tested 
for  by  placing  E  in  the  accumulator  and  "ORing"  it  with  D.  This 
operation  affects  the  flags  and  produces  a  zero  result  (that  is,  sets  the 
zero  flag  bit)  only  when  both  D  and  E  are  0.  The  total  number  of  clock 
cycles  that  the  loop  will  execute  may  be  expressed  in  terms  of  the 
initial  contents  of  the  D  and  E  registers  as: 


Total  cycles  =  D  •  (256  x  24)  +  E  •  24 
=  D  •  6144  +  E  •  24 


Hexadecimal  code 


Address 


0000 

03 

04 

06 

09 

0A 

0C 

0010 

13 

14 

15 

16 
19 


9ure 


11C2A2 

18 

7B 

B2 

C21300 

C9 


Mnemonic 


Instruction 


Label 


Instruction 


Comments 


START: 


LX  I  SP,  #00FF 

XRA  A 
OUT  #20 
CALL  DELAY 
CMA 

OUT  #20 
HLT 


DELAY: 

LOOP: 


LXI 

DCX 

MOV 

ORA 

JNZ 

RET 


D,  #A2  C2 
D 

A,  E 
D 

LOOP 


Initialize  the  stack  pointer. 
Clean  output  port  20. 

Output  an  FF  to  signal 
timeout  completed. 
Stop. 

Load  delay  number. 

(D  *  A2,  E  *  C2). 


6-23  a  general-purpose  time  delay  subroutine. 
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If  D  and  E  are  both  initially  loaded  with  FF,  the  maximum  delay  = 
1,572,864  cycles  is  produced.  With  a  2-MHz  clock  this  corresponds  to 
a  0.786-s  time  delay. 

To  obtain  a  specific  delay,  500  ms,  for  example,  let's  again  assume 
a  2-MHz  clock,  and  note  that  for  this  case  a  total  of  0.5  si  (0.5  fxs  per 
clock  cycle)  or  1,000,000  clock  cycles  are  required.  Solving  for  specific 
values  of  D  and  E  in  the  equation  above,  we  find  that  this  delay  can 
be  achieved  with  an  A2  in  D  and  a  C2  in  E.  When  the  program  given 
in  the  figure  is  actually  run,  output  port  20  will  contain  a  00  for  500 
ms,  and  thereafter  it  will  have  an  FF.  Note  that  to  obtain  a  delay 
which  is  some  multiple  of  500  ms,  this  routine  may  simply  be  called 
more  than  once. 

6.5  SOFTWARE  DEBUGGING  METHODS 

In  order  to  troubleshoot  computer  software,  you  can  generally  use 
some  type  of  signal-tracing  procedure  in  which  PRINT  statements  are 
inserted  at  various  points  in  the  program  and  replace  the  more 
conventional  troubleshooting  instrument — the  oscilloscope.  Proba¬ 
bly  you  would  start  tracing  at  a  point  near  the  system  input  (begin¬ 
ning  of  the  program)  and  work  your  way  through  the  various  sybsys- 
tems  (program  branches  and  subroutines),  probing  all  important  test 
points.  In  some  cases  several  different  input  signals  (initial  register, 
memory,  and  input  port  data  values)  will  be  required  to  completely 
troubleshoot  the  system. 

Program  debugging  may  also  be  accomplished  by  making  use  of 
signal-injection  rather  than  signal-tracing  procedures.  For  this  case 
the  various  data  registers  are  preset  to  specific  values,  and  execution 
of  the  application  program  is  begun  at  some  point  other  than  the 
start  of  the  program,  in  order  to  isolate  the  defective  stage. 

To  assist  in  performing  these  troubleshooting  operations,  both 
hardware  and  software  design  aids  are  available;  however,  we  will 
save  the  hardware  approaches  for  Chap.  12,  on  video  game  trouble¬ 
shooting  techniques,  and  will  utilize  this  section  to  take  a  close  look 
at  three  specific  software  debugging  routines — breakpoints,  tracing, 
and  patching. 

A  breakpoint  is  a  form  of  jump  instruction  inserted  at  various 

points  in  the  application  program  which  when  executed  terminates 

the  application  program  and  transfers  control  to  the  breakpoint 

routine.  Insertion  of  a  breakpoint  at  a  specific  point  in  a  program  is  a 

good  way  to  tell  if  that  point  is  ever  reached  during  execution  of  the 

mam  program  or  whether  the  computer  is  hung  up  at  some  earlier 
step  in  the  program. 
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Hexadecimal  code 

Mnemonic 

Address 

Instruction 

Label 

Instruction 

Comments 

Sample  application 
program 

i 

1000 

01 

03 

06 

07 

08 

AF 

C601 

C602 

C605 

00 

C30810 

LOOP 

XRA  A 

ADI  #01 

ADI  #02 

ADI  #05 

NOP 

JMP  LOOP 

0038 

3A 

OUT  #FF 

RET 

Breakpoint  routine 

Display  A. 

- - - - | 

Figure  6.24  Sample  program  for  illustrating  breakpoint  usage. 

One  way  to  implement  a  breakpoint  in  a  program  is  to  insert  a 
restart -instruction  at  the  point  in  the  program  where  a  break  is 
destreci.  For  example,  ,f  an  RST  7  instruction  were  placed  at  location 
0007  in  the  sample  program  given  in  Fig.  6.24,  all  instructions 
precedmg  the  breakpoint  would  first  be  executed  by  the  processor, 

When  H  d  b! A  at  ,he  time  lhe  breakPoi"‘  is  encountered. 

When  the  RST  7  instruction  is  executed,  the  processor  will  jump  to 

the  routine  located  at  0038,  and  will  display  all  data  of  interest,  in  this 

case  the  08  contained  in  the  A  register.  One  problem  with  this 

program  as  it  is  shown  in  this  figure  is  that  program  locations  at 

W  1C  reakpoints  have  been  previously  inserted  must  be  restored 


Hexadecimal  code 


Address 

1040 

41 

42 

43 

46 

47 

48 

49 
4B 
4C 


Non*: 


Mnemonic 


Instruction 

Fl 

El 

77 

2A2010 

E5 

7E 

F5 

3EFF 

77 

C30010 


Label 


Instruction 


Comments 


FIX  BKPT; 


START: 


POP 

POP 

MOV 

LHLD 

PUSH 

MOV 

PUSH 

MVI 

MOV 

JMP 


PSW 

H 

M,  A 
#1020 
H 

A,  M 
PSW 
A,  #FF 
M,  A 
BACK 


i 


Repair  old  breakpoint. 


Save  location  and 

contents  of  break  point. 

Put  in  a  restart. 

Return  to  application 
program. 


1  * 

bytes  rmurJL •P0*nt  ,ocation  is  entered  in  memory  locations  1020  and  1021  for  lower  and  higher  order  address 

2  ,csP«ctively. 

3  Start  program  ^  l°Cation  *or  ^rs{  breakpoint  inserted. 

*  &r«akpomt  rr\  axecut,on  at  location  1040  for  all  subsequent  breakpoints. 
m  r°^,ne  *  at  that  given  in  Figure  <>24. 


fQ  0  2^  p 

Program  for  automatic  breakpoint  insertion  and  removal. 
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to  their  old  values  before  new  breakpoints  can  be  inserted.  The 
program  listed  in  Fig.  6.25  illustrates  a  technique  for  automatically 
accomplishing  this  task.  Here  the  address  and  contents  of  the  current 
breakpoint  are  saved  on  the  stack  and  then  restored  to  their  original 
condition  when  a  new  breakpoint  is  selected. 

In  troubleshooting  some  application  programs,  the  selective  type 
of  information  provided  by  a  breakpoint  routine  may  not  be  suffi¬ 
cient;  for  these  cases  a  special  routine,  known  as  a  trace  program, 
which  essentially  breakpoints  every  instruction  in  the  program,  may 
prove  to  be  more  useful.  Basically  this  program,  in  conjunction  with 
the  hardware  shown  in  Fig.  6.26,  is  used  to  interrupt  the  processor 
after  each  instruction  in  the  application  program.  In  this  way  if  the 
interrupt  routine  contains  a  program  to  display  all  of  the  register 
contents,  it  is  possible  to  use  this  routine  to  trace  through  the 
application  program,  monitoring  all  pertinent  data  points  in  the 
processor  as  the  program  progresses. 

As  shown  in  Fig.  6.27,  the  software  requirements  for  this  trace 
routine  are  minimal;  however,  in  order  to  initiate  the  first  interrupt 
sequence  it  is  necessary  to  place  a  restart  instruction  (in  this  case  an 
RST  7)  in  front  of  the  application  program.  When  this  instruction  is 
executed,  the  processor  will  immediately  jump  to  the  service  routine. 
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Figure  6.26  Hardware  for  implementation  of  a  trace  program. 
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Figure  6.27  Software  for  a  simple  trace  program. 


which  for  the  particular  example  given  will  cause  the  initial  number 
in  A  (00)  to  be  displayed.  After  a  1-s  time  delay  (see  lower  part  of  Fig. 
6.27),  interrupts  will  be  enabled,  releasing  the  trace  flip-flop  from  the 
reset  mode.  At  this  point,  when  the  return  instruction  begins  and  the 
Ml  (fetch)  pulse  is  generated,  the  flip-flop  will  be  set.  However,  as 
shown  in  the  figure,  an  interrupt  will  not  be  generated  until  the  next 
Ml  cycle  in  the  application  (main)  program.  In  this  way,  the  inter¬ 
rupt  will  be  processed,  and  the  appropriate  register  contents  dis¬ 
played  at  the  end  of  each  instruction  cycle  in  the  main  program. 

When  the  specific  application  program  given  in  Fig.  6.27  is  exe¬ 
cuted,  successive  display  outputs  of  00,  01,  01,  and  02  will  be 
obtained.  The  00  output  is  caused  by  the  0  in  A  during  the  initial  RST 
7  pass  through  the  interrupt  routine.  The  two  01  outputs  are  the 
results  of  interrupt  instructions  during  the  INR  A  and  NOP  instruc¬ 
tions  at  locations  0002  and  0003,  and  the  last  output,  the  02,  is  caused 
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figure  6.28  Patching  a  program. 
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by  interrupting  the  main  program  at  the  last  INR  A  instruction  just 
before  the  processor  halts.  It  should  again  be  mentioned  that  by  a 
relatively  simple  modification  of  the  trace  software  it  would  be 
possible  to  display  the  contents  of  all  of  the  CPU's  registers  or  any 
other  data  of  interest  at  the  conclusion  of  each  instruction  in  the  main 
program. 

Often,  after  a  bug  has  been  detected  by  one  of  the  methods 
previously  discussed,  some  modification  of  the  original  program  will 
be  required.  Consider,  for  example,  what  you  would  do  if  you  found 
that  the  program  given  in  Fig.  6.27  contained  an  error  and  in  fact  you 
needed  to  insert  the  following  instructions  between  lines  0004  and 
0005: 

INR  B 

ADD  B 
CMP  A 

For  this  specific  program,  since  it's  so  short,  the  simplest  method  of 
making  this  modification  would  probably  be  to  insert  these  instruc¬ 
tions  directly  in  memory  and  move  down  all  codes  following  them  by 
the  appropriate  number  of  spaces.  If,  however,  the  program  were 
much  longer,  this  would  certainly  not  be  a  viable  approach,  and  in 
that  case  reassembly  of  the  entire  program  would  seem  to  be 
required. 

However,  there  is  a  third  alternative,  known  as  patching,  which  is 
illustrated  in  Fig.  6.28  for  the  previous  example.  Here  all  that  is  done 
is  to  insert  a  jump  to  the  patch  routine  and  then  another  back  to  the 
main  program  when  that  patch  routine  is  done.  This  method  is 
especially  useful  if  you're  trying  out  a  particular  idea  in  the  applica¬ 
tion  program  and  might  even  be  used  as  a  part  of  the  final  version  of 
the  program  even  though  it  does  waste  a  few  bytes  of  memory. 
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7.1  INTRODUCTION 

The  last  two  chapters  introduced  the  microprocessor  and  gave  spe¬ 
cific  examples  of  how  these  computerlike  devices  could  be  pro¬ 
grammed  to  carry  out  the  sophisticated  tasks  associated  with  today's 
electronic  games.  Little  mention  was  made  of  the  program  storage 
requirements  for  implementing  these  games. 

In  this  chapter  we  will  examine  the  various  forms  of  digital  storage 
and  carefully  investigate  their  advantages,  disadvantages,  and,  more 
important,  their  applicability  to  programmable  electronic  games.  As 
shown  in  Fig.  7.1,  many  forms  of  digital  storage  exist,  and  depend¬ 
ing  on  the  particular  application  one  or  the  other  may  prove  more 
useful. 

Generally  speaking,  memory  may  be  divided  into  two  major 
categories  read-only  memory  (ROM)  and  read-write  memory 
(RWM).  With  ROM  devices  the  digital  information  is  permanently 
stored  so  that  even  the  removal  of  power  will  not  cause  this  informa¬ 
tion  to  be  lost.  This  feature,  known  as  nonvolatility ,  makes  ROMs 
particularly  useful  for  storing  fixed  programs  and  subroutines  as  well 
as  for  table-look-up  and  character-generation  applications.  Some 
ROMs,  specifically  erasable  programmable  ROMs  (EPROMs)  and 
electrically  alterable  ROMs  (EAROMs)  do  permit  the  internally 
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Figure  7.1  The  memory  spectrum.  ( From  Kock,  Seeing  Sound,  Fig.  5.1.) 

stored  information  to  be  altered,  though  only  with  considerable 
difficulty.  In  fact,  a  new  term,  read  mostly  memory  (RMM),  has  been 
proposed  for  these  devices,  but  for  now  the  term  ROM,  although  not 
strictly  correct,  appears  to  have  stuck  to  them. 

With  RWM  devices,  memory  may  be  both  examined  (read  from) 
and  altered  (written  into)  with  equal  ease.  Serial  devices,  such  as 
shift  registers,  magnetic  tape,  and  the  newer  magnetic  bubble  mem¬ 
ories,  store  data  serially  1  bit  behind  the  next.  Therefore  the  amount 
of  time  that  it  takes  to  locate  a  particular  piece  of  data  in  this  type  of 
memory  (known  as  its  access  time )  depends  on  where  the  data  is 
located  in  the  memory.  For  example,  if  you're  using  magnetic-tape 
storage,  and  the  tape  is  currently  at  the  beginning  of  the  reel  while 
the  data  you're  interested  in  is  located  somewhere  near  the  end,  it 
could  take  several  minutes  to  locate  this  specific  block  of  data.  In 
spite  of  this  rather  serious  drawback,  these  types  of  serial  devices  are 
still  quite  popular  because  they  provide  a  very  inexpensive  way  to 
store  large  quantities  of  data.  Furthermore  although  it  may  take  quite 
a  while  to  find  the  start  of  a  particular  data  block,  once  it  is  located. 
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the  actual  data  transfer  rates  can  be  extremely  high  if  the  remaining 
data  is  all  stored  in  sequence.  As  a  result  of  these  attributes  it  is 
quite  likely  that  many  of  the  newer  programmable  and  multifunction 
electronic  games  will  employ  some  type  of  cassette,  magnetic  bub¬ 
ble,  or  magnetic  card  as  mass  storage  for  entering  specific  game 
programs  into  the  processor's  main  memory  and  for  storing  user- 
written  games. 

In  direct  contrast  to  these  serial  memory  devices,  we  have  ran¬ 
dom-access  memory  (RAM).  In  this  type  of  memory  all  storage 
locations  have  equal  access  time;  that  is,  the  time  to  read  or  write 
information  into  this  type  of  storage  is  independent  of  the  word's 
location  in  the  memory.  Core  memory  with  the  digital  1  and  0 
information  stored  in  tiny  doughnut-shaped  magnetic  structures 
was  the  first  type  of  RAM  storage  available.  To  store  a  1  the  core  was 
magnetized  in  one  direction,  and  the  magnetization  direction  was 
simply  reversed  to  store  a  0.  However,  core  memory  is  costly,  power- 
hungry,  and  not  amenable  to  IC  fabrication  techniques,  and  as  a 
result  it  has  finally  yielded  to  semiconductor  IC  memory  in  most  new 
designs.  These  all-solid-state  RAM  units  are  truly  marvels  of  modem 
technology  and  offer  low  cost,  high  density,  low  power  consump¬ 
tion,  and  high  speed.  They  do,  however,  have  one  major  drawback: 
unlike  core  memories  they  are  volatile;  that  is,  if  power  to  them  is 
lost,  so  is  the  information  stored  in  them.  In  some  computer  designs 
where  this  information  loss  would  be  critical,  battery  backup  for  the 
memory  is  provided.  For  electronic  game  usage,  however,  this 
would  at  best  be  impractical,  and  therefore  in  electronic  game 
designs  the  game  program  is  usually  placed  in  some  type  of  nonvola¬ 
tile  storage,  for  example,  a  ROM.  However,  in  the  newer,  more 
sophisticated  general-purpose  electronic  games  that  operate  with 
microprocessors,  it  is  very  possible  that  serial  mass  storage  devices 
will  be  employed  to  hold  a  large  number  of  different  games,  and  that 
when  a  particular  game  is  played,  the  program  for  it  will  be  trans¬ 
ferred  from  the  serial  device  into  the  RAM  area  of  the  machine.  In 
addition,  RAM  storage  will  be  needed  to  hold  user-written  game 
programs. 

Two  major  types  of  semiconductor  RAM  are  in  use  today:  static 
and  dynamic.  In  static  memory  devices  the  digital  information  is 
stored  in  conventional  flip-flops  made  from  cross-coupled  gates  of 
the  form  shown  in  Fig.  7.2.  Here  as  a  result  of  the  feedback,  if  the 
output  of  Nj  is  HI  that  of  N2  is  LO  and  vice  versa.  The  flip-flop  thus 
has  two  stable  states:  when  Q  is  HI,  it  is  said  to  be  in  the  Logic  1 
state;  and  when  Q  is  LO,  it  is  in  the  Logic  0  state.  A  momentary  LO 
aPPhed  to  the  SET  input  guarantees  that  Q  will  be  set  to  1,  and  a  LO 
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Figure  7.2  Two  types  of  data  storage,  (a)  Basic  static  memory  ele¬ 
ment — the  flip-flop;  ( b )  basic  dynamic  memory  cell. 


on  RESET  that  it  will  be  reset  to  0.  If  no  external  inputs  occur,  the 
flip-flop  will  remain  in  its  current  state  as  long  as  power  is  applied. 

Dynamic  memory  elements  operate  on  an  entirely  different  princi¬ 
ple — that  of  charge  storage  on  a  capacitor.  When  the  switch  S  in  Fig. 
7.2b  is  closed,  the  incoming  HI  or  LO  data  is  applied  to  the  capacitor 
C.  When  the  switch  is  opened,  the  information  remains  in  the 
memory  cell  in  the  form  of  charge  stored  on  the  capacitor.  However, 
in  order  to  prevent  this  information  from  "leaking  away,"  the  data 
stored  in  dynamic  memory  cells  must  be  periodically  "refreshed," 
typically  once  every  few  milliseconds.  Given  that  dynamic  memory 
devices  have  all  of  these  refresh  problems,  the  reader  will  probably 
be  surprised  to  learn  that  their  sales  are  well  beyond  those  of  equiva¬ 
lent  static  devices.  This  results  from  the  fact  that  dynamic  memory 
cells  occupy  much  less  chip  area  than  static  flip-flops,  offer  higher 
packing  densities,  and  in  addition  are  faster  and  consume  less 
power. 

From  this  brief  introduction  to  the  spectrum  of  current  memory 
technology  one  fact  stands  out — no  single  storage  method  will  satisfy 
all  of  the  requirements  of  today's  microprocessor-based  electronic 
games.  ROM  will  probably  be  needed  to  store  the  basic  game  pro¬ 
gram  and  will  be  used  to  provide  the  tabular  information  required  to 
display  the  various  objects  and  characters  in  the  video  field.  RAM 
will  be  utilized  to  store  the  current  frame  of  video  information  being 
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displayed  and  will  be  continuously  updated  by  the  processor  as 
objects  in  the  scene  move  about. 

In  current  multigame,  processor-based  systems,  the  game  format 
is  changed  by  replacing  plug-in  cartridges  containing  ROMs.  How¬ 
ever  as  manufacturers  continually  search  for  lower  costs,  future 
games  will  probably  employ  some  form  of  magnetic  mass  storage 
such  as  tape  cassettes  or  magnetic  cards.  Regardless  of  its  final  form, 
for  the  processor  to  make  use  of  any  type  of  serial  mass  storage  input 
medium,  the  data  must  first  be  transferred  into  some  type  of  RAM. 
Therefore  in  these  games  additional  RAM  will  be  needed  for  pro¬ 
gram  storage. 

7.2  SEMICONDUCTOR  MEMORY:  ROM  AND  RAM 

Read-only  memories  have  long  been  used  as  code  converters,  mathe¬ 
matical  function  look-up  tables,  and  character  generators;  however, 
their  more  recent  program  storage  application  in  microprocessor- 
based  systems  has  skyrocketed  their  sales  and  given  them  an  impor¬ 
tance  in  overall  memory  design  comparable  to  that  of  RAMs.  Parallel¬ 
ing  this  growth,  there  have  been  significant  improvements  in  ROM 
density,  speed,  and  power  reduction.  In  fact,  32-kilobit  ROMs  which 
consume  less  than  500  mW  of  power  and  have  access  times  under  500 
ns  are  available  today  for  under  $20. 

Figure  7.3  illustrates  a  typical  ROM  application — a  keyboard 
encoder  circuit  which  has  been  constructed  from  conventional 
diodes  and  resistors.  This  particular  circuit  is  a  decimal  keyboard 
encoder.  It  is  designed  so  that  when  a  specific  key  is  pressed,  the 
binary  code  equivalent  of  that  key  is  produced  at  the  output.  In 
addition,  the  circuit  produces  a  "key  press"  signal  to  indicate  that 
one  of  the  keys  has  been  struck.  In  designing  this  circuit,  a  diode  is 
placed  on  each  bit  line  where  a  "one"  output  is  desired  when  a 
particular  key  is  depressed.  Thus,  for  example,  to  generate  a  0011 
output  when  the  key  numbered  3  is  hit,  diodes  are  required  on  the 
bi,  b0,  and  KP  (keypress)  lines.  At  first  it  might  appear  that  these 
diodes  aren't  necessary  and  could  in  fact  be  replaced  by  short  cir¬ 
cuits.  However,  if  this  were  done,  "sneak  paths"  for  current  flow 
would  exist  and  would  create  erroneous  outputs.  The  use  of  diodes  at 
nodes  where  one  outputs  are  required  prevents  the  formation  of 
these  sneak  paths. 

Although  useful  for  illustrative  purposes,  the  diode-resistor  net- 
^ork  is  actually  uncommon  in  today's  ROMs.  Instead,  in  order  to 
make  maximum  use  of  current  IC  fabrication  techniques,  ROMs  are 
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usually  constructed  with  either  bipolar  or  MOS  transistors.  In  mask 
programmed  ROMs  the  manufacturer  constructs  a  general-purpose 
array  of  transistors  for  the  ROM  and,  as  the  last  step  in  its  manufac¬ 
turer,  connects  the  gates  (or  emitters  in  the  case  of  1 bipolar  devices) 
on  those  transistors  where  a  one  output  is  desired. 

Note  that  it  is  possible  to  view  this  keyboard  encoder  circuit  as 

^  inr ation  adr ses 

the  key  depressed.  P  the  bmaT  “de  correspondmg  to 

anJh';emm!kltdlSCUSSed  *he  Previous  example  contained  10  inputs 

ROM  R?  l  WaS  3  10  X  5  0r  10-word  x  5  bits  per  word 

ROM.  Because  of  the  small  number  of  inputs  and  outputs,  no 

address  decoding  was  required  since  the  ROM  could  be  encapsu¬ 
lated  in  a  package  containing  only  17  pins  (10  input,  5  output,  and  2 
power  leads).  Consider  next  the  case  of  a  keyboard  encoder  ROM  for 

aaCan«entIOr!al  typewriter'  This  type  of  input  device  contains  about 
48  different  keys.  Therefore,  to  construct  a  ROM  encoder  circuit  for 

such  a  keyboard  would  require  a  package  containing  about  60  leads. 
For  this  design  problem  it  would  be  much  more  efficient  to  use  some 
type  of  address  decoder.  With  this  approach  a  ROM  containing  2  V 
words  may  be  addressed  with  only  N  binary  input  leads.  When  the 
number  of  decoded  signals  is  relatively  small  (generally  less  than  32), 
the  linear  address  decoding  technique  shown  in  Fig.  7.4c  is  reasona¬ 
ble.  However,  as  the  size  of  the  ROM  increases  much  beyond  this 
point,  a  pure  linear  addressing  scheme  becomes  impractical. 

Consider,  for  example,  the  design  of  a  210,  or  1024,  word  single-bit 
ROM.  This  type  of  ROM  would  have  10  input  address  lines  and  a 
single  bit  output  line.  If  constructed  by  a  linear  addressing  tech¬ 
nique,  the  ROM  would  require  a  l-out-of-1024  decoder  (Fig.  7.4a). 
uch  a  decoder  would  be  extremely  difficult  to  construct  and  would 
ave  a  geometry  inconsistent  with  good  IC  design.  A  better  tech¬ 
nique  is  to  use  the  coincident  addressing  scheme  shown  in  Fig.  7  Ah , 
which,  while  maintaining  the  same  number  of  external  address 
eads,  greatly  reduces  the  complexity  of  the  required  decoder  cir¬ 
cuits.  Sometimes  the  X  decoder  outputs  are  called  the  row-select 
mes  and  the  Y  decoder  outputs  the  column-select  lines.  In  this 
example,  the  1-kilobyte  ROM  is  constructed  by  making  use  of  two  5- 
^ine  address  decoders.  Thus,  to  address  cell  9  Y  -  29X,  the  X  address 

(in'0  ^  Se^ec^s  ^ne  29  (input  11101)  and  the  Y  address  decoder  line  9 

lar^Uj  ac^ress  01001)-  This  coincident  addressing  approach  is  simi- 

m  °  b  6  tec^n^ue  employed  to  find  a  particular  building  on  a  street 

Vprr  ?  sPecifying  the  names  of  the  intersecting  horizontal  and 
Vertical  streets. 
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Figure  7.4  Memory  addressing  schemes,  (a)  Linear  addressing;  (b) 
coincident. 
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Also  contained  in  the  ROM  and  shown  in  Fig.  7.4  is  steering  logic 
which  routes  the  selected  cell  information  to  the  output  buffer  If  the 
ROM  contains  multibit  words,  the  address  decoders  simultaneously 
select  all  of  the  bits  in  the  word,  with  each  directed  to  the  appropriate 

output  buffer  (Fig.  7.5).  A  similar  addressing  scheme  is  also 
employed  with  RAMs. 

Mask  programmed  ROMs  are  inexpensive  and  are  generally  used 
in  well-defined  applications  where  no  further  bit  changes  will  be 
required.  However,  during  the  system  development  stage,  it  is  often 
convenient  to  have  a  field  programmable  ROM  (PROM).  These 
devices  permit  the  user  to  program  the  ROMs  and  remove  any 
program  bugs,  and  ensure  correct  system  operation  prior  to  commit¬ 
ting  the  final  program  to  mask-type  ROM.  Generally  these  PROMs 
contain  fusible  links  which  are  blown  or  transistor  base-emitter 
junctions  which  may  be  electrically  shorted  in  order  to  enter  the 
appropriate  data  into  the  memory.  Besides  being  useful  during 
product  development,  PROMs  can  also  be  viable  production  compo- 
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^■9ure  7.5  Organization  of  a  multibit-per-word  ROM. 
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;n  tF,i8'  7  4  is  S,ee™s  '°S- 

ROM  contains  multibit  words  the^dH  V  “ the 

select  all  of  the  bits  in  the  word  with  etw  7  7*  s™ultaneously 

,  .  u  u  ^  Ul  tne  word,  with  each  directed  to  the  appropriate 

output  buffer  (Ftg  7.5).  A  similar  addressing  scheme  is  also 
employed  with  RAMs. 

•  Ma?ik  pr°§r*mmed  ROMs  are  inexpensive  and  are  generally  used 
in  well-defined  applications  where  no  further  bit  changes  will  be 

required.  However,  during  the  system  development  stage,  it  is  often 
convenient  to  have  a  field  programmable  ROM  (PROM).  These 
devices  permit  the  user  to  program  the  ROMs  and  remove  any 
program  bugs,  and  ensure  correct  system  operation  prior  to  commit¬ 
ting  the  final  program  to  mask-type  ROM.  Generally  these  PROMs 
contain  fusible  links  which  are  blown  or  transistor  base-emitter 
junctions  which  may  be  electrically  shorted  in  order  to  enter  the 
appropriate  data  into  the  memory.  Besides  being  useful  during 
product  development,  PROMs  can  also  be  viable  production  compo- 
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nents.  The  use  of  PROMs  instead  of  mask  programmed  ROMs 
mask  preparation  charges,  which  are  typically  on  the  order  of  $ionnS 
and  also  eliminates  the  long  turnaround  time  associated  with  rqvJ 
production.  Furthermore,  if  many  different  types  of  ROMs  M 
needed  in  relatively  small  production  volumes,  it  may  in  the  long  rT 
be  much  less  expensive  to  stock  one  type  of  PROM  and  program  it  ** 
it's  needed.  as 

During  the  early  stages  of  product  development,  the  large  number 
of  program  changes  required  can  even  make  the  use  of  fusible 
PROMs  expensive  since  once  an  incorrect  link  is  blown  the  PROM  is 
useless  and  must  be  discarded.  At  this  time  in  the  product  develop¬ 
ment  cycle  the  erasable  programmable  read-only  memory  (EPROM) 
finds  its  greatest  application.  Two  types  of  EPROM  are  currently 
available.  The  first  of  these,  which  is  far  and  away  the  most  popular, 
makes  use  of  isolated-gate  MOS  transistors.  The  device  is  pro¬ 
grammed  by  applying  large  voltages  to  the  drain  of  the  transistor, 
which  causes  avalanche  breakdown  to  occur  and  charges  the  buried 
gate.  When  this  voltage  is  removed,  the  gate  is  again  isolated  and 
essentially  remains  charged  forever,  inducing  a  permanent  conduc¬ 
tion  channel  between  the  drain  and  source  of  the  transistor.  Actual 
lifetimes  projected  for  these  types  of  PROMs  are  from  10  to  100  years. 
To  be  erased  the  PROM  is  simply  exposed  to  ultraviolet  light,  with 
the  resulting  photon  stimulation  providing  a  leakage  path  for  dis¬ 
charging  the  transistor  gates  and  returning  all  transistors  to  their  off 
condition.  Ten  minutes  of  exposure  time  under  the  UV  light  source  is 
usually  all  that's  required  to  completely  erase  the  chip's  memory. 

Also  available  is  a  second  type  of  EPROM,  known  as  an  electrically 
alterable  ROM  (EAROM),  which  permits  particular  bits  in  the  mem¬ 
ory  to  be  erased  by  application  of  a  suitable  voltage.  Although  these 
devices  are  extremely  useful,  at  present  their  high  cost  has  prevented 
them  from  finding  widespread  application. 

Depending  on  the  particular  system  requirements,  either  bipolar 
or  MOS-type  ROMs  may  be  employed.  Bipolar  units  are  generally 
used  where  access  times  under  100  ns  are  needed,  while  MOS-type 
ROMs,  being  slower  and  not  quite  as  expensive,  are  employed  in 
less  critical  applications.  For  use  with  conventional  microprocessors 
the  speed  of  MOS-type  ROMs  is  usually  more  than  adequate. 

The  RWMs  used  with  microprocessor  systems  are  generally  semi¬ 
conductor  devices.  For  smaller  designs  static  RAM  chips  are  usually 
employed  since  they  are  available  in  multibit  single  package  arrays 
and  are  easily  interfaced  to  the  processor.  When  memory  require¬ 
ments  exceed  several  thousand  bytes,  the  use  of  dynamic  RAMs 
becomes  practical.  Here,  although  extra  refresh  electronics  are 
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required,  their  cos  is  more  than  compensated  for  by  the  smaller  size 
higher  speed,  and  lower  power  consumption  of  these  dynamic  mem 
ones.  Static  memories  are  available  in  both  bipolar  and  MOS  forms 
while  dynamic  memory  devices  are  constructed  using  only  MOS 
transistors  since  their  high  input  impedance  prevents  the  rapid 
discharge  of  the  information  from  the  storage  capacitors.  At  the  time 
o  the  writing  of  this  text,  4K  static  and  16K  dynamic  RAMs  are 
already  available,  with  64K  devices  due  to  appear  shortly. 


7  3  TECHNIQUES  SS0R  MEM0RY  INTEF*FACING  AND  ADDRESSING 

In  the  previous  sections  we  examined  the  innards  of  RAM  and  ROM 
semiconductor  devices.  In  this  section  we're  going  to  take  a  look  at 
these  devices  at  the  chip  level  and  investigate  how  these  IC  packages 
may  be  assembled  into  memory  arrays  and,  more  important,  how 
they  may  be  efficiently  interfaced  to  microprocessors. 

The  ROM  illustrated  in  Fig.  7.6  is  typical  of  those  devices  currently 
available  and  is  an  8192-bit  device  internally  organized  as  an  array  of 
1024  eight-bit  words.  The  10  input  address  leads  A0  to  A9  select  the 
word  in  the  ROM  to  be  examined,  and  the  data  located  at  that 
address  appears  at  the  output  terminals  Ot  to  08.  The  ROM  output 
buffer  is  a  tristate  device  and  is  enabled  when  both  chip  select  lines 
(CS!  and  CS2)  are  connected  to  a  LO.  The  reader  will  recall  that  a 


Data  output  (Oi-Oa) 


A7 

a6 

As 

a4 

A3 

a2 

A, 

Ao 

Oi 

Oa 

03 

vss 


(a)  (b) 


W 
-*— < 
D 
Q_ 
C 

(/) 

</> 

<D 

13 

T3 

< 

cr> 

< 

1 

o 

< 


CSi 

cs2 

A9 

A 

a7 

A6 

As 

a4 

a3 

A2 

Ai 


*j*9ure  7.6  8192-bit  static  MOS  ROM.  (a)  pin  configuration;  (6)  block 
agram.  (From  Intel  Data  Catalog,  1977,  pp.  3-14.) 
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Control  Control 


'  —  f 

Figure  7.7  Three-state  (tristate)  logic  operation,  (a)  Tristate  logic  buffer 
( b )  equivalent  electrical  circuit.  r’ 


tristate  device  behaves  as  though  it  were  an  electronic  switch  (Fig 
7.7).  When  enabled,  it  connects  the  output  and  input  lines  together 
and  when  disabled  it  effectively  disconnects  the  output  leads  from 
the  rest  of  the  circuit.  The  use  of  tristate  outputs  permits  many 
similar  devices  to  be  connected  onto  the  same  data  bus  as  long  as 
only  one  device  is  enabled  at  a  time. 

To  interface  the  ROM  to  the  processor,  the  eight  ROM  data  output 
leads  are  connected  directly  onto  the  data  bus,  and  the  10  address 
leads  (A0  to  A9)  to  the  corresponding  points  on  the  processor's 
address  bus.  The  remaining  address  leads  (Ai0  to  A15)  are  used  to 
select  this  chip  when  its  address  is  specified  by  the  processor.  For  the 
particular  circuit  shown  in  Fig.  7.8a,  the  ROM  will  be  selected  only 
when  address  bits  Ai0  to  A i5  are  all  0.  Hence  this  chip  is  labeled  ROM 
0.  The  connection  of  the  memory  read  operational  signal,  MEMR, 
ensures  that  the  ROM  data  will  not  be  placed  on  the  data  bus  until 

the  processor  is  ready  to  receive  it.  This  timing  relationship  is 
illustrated  in  Fig.  7.8b. 


RAM  interfacing  is  somewhat  more  complicated  than  that 
required  for  ROMs.  RAM  circuitry  must  not  only  be  able  to  READ 
data  from  selected  words  in  memory  but  when  required  must  also  be 
able  to  take  information  off  the  data  bus  and  store  it  at  the  word 
location  indicated  by  the  data  on  the  address  bus.  A  typical  second 
generation  1024-bit  static  RAM  chip  is  illustrated  in  Fig.  7.9.  It  is 
organized  as  a  256-word  x  4-bit  memory  unit  and  has  a  common 
ata  input/output  bus  (L0!  to  U04)  which  of  course  is  ideally  suited  for 
use  with  bus-oriented  systems.  When  the  R/W  (read'write)  input 
signal  goes  LO,  this  causes  the  input  data  present  on  the  I/O  lines  to 
l  fu,  at  the  addressed  location.  Bringing  the  output  disable  (OD) 

wiih  n  tnf‘ates  the  outPut  butfers  and  keeps  the  data  associated 
bon  ‘  L  eS$!d  RAM  WOrd  off  the  data  bus  unless  a  read  opera¬ 
ted  wr^8  Pertormed-  lt  is  important  to  note  that  when  data  is 
bled  or  ekJTv/0*0  memory'  the  RAM  output  buffers  must  be  disa- 

the  output  of  fVnp°AwnS  ^ata  ^rom  processor  as  well  as  that  at 
tP  the  RAM  will  both  be  fighting  for  control  of  the  data 
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frl?nVemenr!d1n,o  RAM'18'  ^  il,UStrateS  how  data  is  read 

RA^Tmodu^usin'g  the  ^Xl^RAM^^- COnRtrUCt  3  ^24-word  x  8-bit 

>Cs  in  parallel  (add^ss  and cMp sZ^LT^f  ^  °f 

F  select  leads  commonly  connected). 


(a) 


ROM  word 
address  stable 


MEMR 


JZ  7-8  (a)  Interfaci 
°nships  in  a  ROM. 


(b) 

ng  a  ROM  to  the  8080  microprocessor;  ( b )  timing 
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Figure  7.9  A  256-word  x  4-bit  static  RAM.  (a)  Pin  configuration;  ( b )  block 
diagram.  (From  Intel  Data  Catalog,  1977,  pp.  2-68.) 
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Data  from  RAM  is  on  Data  from  processor  is 

data  bus  and  maybe  on  data  bus  and  may 

read  into  processor.  be  written  into  RAM. 


Figure  7.10  Timing  sequence  to  read  data  from  and  write  data  to  a  RAM. 


we  can  make  up  a  256-word  x  8-bit  submodule;  four  of  these 
submodules  are  then  connected  together  to  complete  the  1-kilobyte 
x  8  RAM  design.  The  overall  design  of  this  sytem,  also  incorporating 
the  1  kilobyte  of  ROM  from  the  previous  discussion,  is  given  in  Fig. 

As  one  final  example  of  memory  system  design,  let's  consider  the 
construction  of  an  8-kilobyte  memory  consisting  of  three  1-kilobyte 
RAMs  and  five  1-kilobyte  ROMs.  The  overall  design  for  this  memory 
ls  §lven  ir^  Fig.  7.12.  To  minimize  the  package  count,  this  circuit 
makes  use  of  a  special  one  out  of  eight  decoder  chip  which  contains 
multiple  enable  inputs.  Note  that  this  memory  bank  is  enabled  when 
ress  leads  A13  to  A15  are  zero  and  further  that  a  specific  chip  in  the 
^an  ,  for  example  RAM3,  is  enabled  when  A10  to  A12  has  an  address 
cqua  to  the  selected  chip  number — in  this  case  a  3  or  Oil.  With  the 

t^le  decoder,  the  remainder  of  the  design  follows  the 
e  nes  previously  discussed. 


7  4  DIGITAL  data  recording  on  magnetic  tape 

Digits  m 

lar  ^  .  em°ry  can  be  expensive,  and  in  order  to  optimize  a  particu- 
heque  fi  ^es*8n'  several  different  types  of  memory  components  are 
In  the  ^  cornb»ned  in  the  overall  system  design. 

RAjvj  an ^ar^er  Sechons  of  this  chapter  we  introduced  semiconductor 
OM  and  pointed  out  that  semiconductor  RAM,  though 
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Figure  7.12  An  8-kilobyte  RAM  and  ROM  memory  block. 


Memory  cost  (0/bit) 
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Figure  7.13  Comparison  of  the  cost  of  different  types  of  memory. 
(From  Byte  Magazine,  March  1976,  p.  18.) 


volatile,  is  useful  when  small  amounts  of  high-speed  RWM  are 
required  and  that  ROM  is  generally  employed  for  permanent  storage 
of  programs  and  data.  However,  as  shown  in  Fig.  7.13,  both  of  these 
storage  techniques  are  extremely  expensive  when  compared  with 
data  storage  on  magnetic  media.  Therefore  for  many  of  the  newer 
electronic  game  designs  which  feature  user  programmability  or  game 
alteration  by  changing  sections  of  memory,  manufacturers  are  giving 
serious  consideration  to  magnetic  storage  techniques.  For  the  pres¬ 
ent  the  Philips-type  cassette  appears  to  be  most  promising  for  these 
applications,  owing  to  its  low  cost,  rugged  construction,  and  wide¬ 
spread  availability. 

At  the  present  time  manufacturers  find  two  major  applications  for 
magnetic  storage  techniques:  first,  to  permit  the  player  to  create 
individualized  games  by  writing  programs  for  them  and  then  storing 
the  results  on  cassettes  for  later  use,  and  second,  as  a  replacement  for 
more  costly  ROMs  in  supplying  the  user  with  a  multiplicity  of 
sophisticated  video  games,  all  stored  on  a  single  cassette. 
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Memories  making  use  of 

referred  to  as  serial  access  devices  since  hlf ?  °°  ma§netic  taPe  are 
bit  behind  the  other  on  the  tape.  Therefore  a/e|enerally  stored  or>e 
random  access  capability  of  the  RAM  and  donT  COntrast  to  the 
devices  previously  discussed,  all  words  on  the  ta  semiconductor 
(or  accessed)  in  the  same  amount  of  time  T  f  Ar  cannot  be  Iocated 
at  the  beginning  of  the  tape  and  want  to  ‘  n  ac  1  y°u  happen  to  be 
the  tape  %  uptake  ^  °f 

Fortunatel^^or  ^lecb-onic  'stm^^appHca^io'3^61^ 

random  access  capability  since  we  will ^either be I^n‘  "rptytg 
back  large  blocks  of  data,  and  for  these  tasks  magnetic  tape  is  neariy 
.deal,  especially  when  you  consider  that  a  standard  60-min  cassette 

digital* i data.  "  $  “  CapaWe  °f  St°™8  more  tha"  100  kilob^ftf 

in  m"6  Pr°blem  as^iated  with  employing  magnetic  tape  memory 
m  microprocessor-based  electronic  games  is  that  magnetic  tape  is 
inherently  bit-by-bit  serial  in  nature,  while  microprocessors  are 
generally  byte-onented  devices.  Therefore  in  order  to  interface  the 
two  together,  some  type  of  parallel-to-serial  conversion  will  be 
required  during  data  recording,  and  a  corresponding  serial-to-paral- 
lei  conversion  will  be  needed  during  playback.  The  methods  for 
ac .  these  types  of  data  transformations  are  well  known  and 

wi  be  presented  in  Sec.  7.5.  The  remainder  of  this  section  will  be 

evoted  to  a  discussion  of  the  more  popular  digital  data-recording 
techniques.  6 

Conventional  audio  cassette  recorders  are  commonplace  items 
to  ay,  and  it  is  therefore  tempting  for  the  game  manufacturer  to 
esign  systems  to  function  in  conjunction  with  these  types  of 
recorders.  This  reduces  the  overall  cost  of  the  system  since  the 
manufacturer  need  not  include  the  tape  transport  as  part  of  the  video 
game  and  the  buyer  is  able  to  use  standard  inexpensive  cassettes, 
ovvever,  there  are  several  drawbacks  to  this  approach.  Audio  cas- 
e  recorders  are  designed  to  record  music  and  voice  signals  and 
Jgital  data.  Therefore,  in  order  to  use  them,  some  type  of  tone 
the°  *S  frecluently  employed,  and  external  electronics  added  to 
aucj.recorder  to  encode  and  decode  these  signals.  In  addition,  these 
hartsf  recorcbng  schemes  generally  result  in  rather  low  data 

irtex  S6COnd  altemative  open  to  the  manufacturer  is  to  include  an 
nsive  cassette  tape  transport  as  part  of  the  video  game. 
njqUe  ^  costing  a  bit  more  than  the  previous  approach,  this  tech- 
simPHfiermitS  direct  digital  drive  of  the  tape  head  and  considerably 
les  record  and  playback  electronics.  In  addition,  this 
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approach  allows  for  increased  reliability,  hieher  dat, 
measure  of  product  security  since  game  tapes  purchased™,, 
formats  cannot  be  easily  duplicated.  In  the  paragraphs  that  foil  ^ 

-  -*  - A£ 

Data  Recording  on  an  Unmodified  Audio  Cassette  Recorder 

Many  techniques  are  available  for  recording  digital  data  n«  j- 
cassettes;  but,  rather  than  discuss  the  advantages  and  disadvantages 
of  each  we  will  present  one  example  which  illustrates  the  approach 

typically  employed  in  recording  binary  information  on  a  conven- 
tional  cassette  tape  recorder. 

The  system  shown  in  Fig.  7.14  operates  on  the  frequency  shift 


clock 

(a) 


Received 
data  out 


(b) 

Figure  7.14  Digital  data  audio  cassette  recorder,  (a)  Transmitter  section; 
(b)  receiver  section.  (From  Byte  Magazine,  March  1976,  p.  40.) 
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Figure  7.15  Key  waveforms  for  the  digital  data  audio  cassette  recorder. 
(a)  Transmitter  waveforms;  ( b )  receiver  waveforms. 


cycles  of  a  2400-Hz  quasi-sine-wave  tone  and  a  binary  zero  by  four 
cycles  of  a  1200-Hz  tone.  This  particular  data  recording  and  playback 
system  requires  no  software,  works  with  any  microprocessor,  and 
Wl  tolerate  moderate  differences  in  record  and  playback  speeds 
^thout  producing  data  errors.  In  addition,  the  system  is  easily 
r  nnected  to  any  processor  having  a  universal  asynchronous 
£  1  v er~ tran s m it te r  (UART)  type  of  serial  interface.  As  will  be  dis- 
I11  Sec.  7.6,  this  type  of  interface  may  be  implemented  by 
8  either  a  hardware  or  a  software  approach, 
of  pS  shown  in  Fig.  7.14a ,  when  the  data-in  line  is  HI,  the  Q,  output 
1  ls  Cor>tinuously  set  to  one,  and  F2  simply  acts  as  a  divide-by-2 
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counter,  producing  a  2400-Hz  square  wave  at  its  output  Wh 
data  input  changes  to  a  LO,  the  /  and  K  input  lines  on  F, ro  h?  the 
the  F,-F*  flip-flop  combination  behaves  like  a  divide-bv  4  col'*nd 
producing  a  1200-Hz  square  wave  at  the  Q2  output  terminal  Tv' 
signal  then  passes  into  the  R,-R2-C2  filter  network,  which  attenuat 
the  signal  to  a  level  suitable  for  direct  connection  to  the  auxili 
(AUX)  input  on  the  tape  recorder.  In  addition,  this  low-pass  fih? 
rounds  off  the  corners  of  the  square  wave.  This  is  necessary  because 
the  poor  transient  response  of  most  audio  recorders  would  cause 
overshoot  and  ringing  of  the  square  wave  on  playback,  resulting  in 
data  playback  errors.  With  sine  waves,  or  in  this  case  with  quasi  sine 
waves,  this  problem  is  minimized.  The  waveforms  found  at  various 
critical  points  in  the  transmitter  circuit  are  indicated  in  Fig.  7.15a. 

On  playback,  the  signal  is  taken  from  the  earphone  output  jack  on 
the  tape  recorder  and  amplified  and  squared  by  the  first  stage  of  the 
receiver  circuit  (Fig.  7-lAb).  This  signal  is  then  applied  to  the  retrig- 
gerable  one-shot;  the  period  of  the  one-shot  is  adjusted  halfwav 
between  T  and  T/2,  where  T  is  the  period  of  the  low-frequency 
signal  recorded  (in  this  case,  0.833  ms).  In  this  way,  as  long  as  a  2400- 
Hz  high-frequency  signal  with  its  0.416-ms  period  is  applied,  the 
one-shot  will  continuously  fire,  keeping  its  output  HI;  while  the 
application  of  a  1200-Hz  low-frequency  signal  will  permit  the  one- 
shot  to  time-out  each  cycle  (Figure  7-15b).  The  delaved  one-shot 
output  Q'  is  connected  to  the  input  on  the  D-type  flip-flop  Fa  and 
causes  the  output  of  F3  to  go  HI  during  receipt  of  a  2400-Hz  tone  and 

LO  during  receipt  of  a  1200-Hz  tone,  thus  correctly  interpreting  the 
received  data. 

In  this  receiver  system,  note  that  since  the  transmitter  clocking 
information  is  not  recovered  from  the  received  data,  the  receiver 
UART  will  not  be  able  to  synchronize  its  clock  to  that  of  the  transmit- 
As  a  result,  correct  data  reception  will  depend  on  having  a  tape 
system  whose  record  and  playback  speeds  differ  by  no  more  than 
±5%.  The  overall  data  rate  for  this  system  is  300  baud  (bit&s). 


Direct  Digital  Recording  on  Magnetic  Tape 

The  graph  shown  in  Fig.  7.16  illustrates  the  relationship  between 
app  ied  magnetizing  force  and  the  resulting  permanent  magnetiza- 
tion  of  a  typical  piece  of  magnetic  tape.  Clearly  this  relationship  is 
ig  v  non  inear.  For  analog  recording,  linearity  is  required  to  pre¬ 
serve  the  relationship  between  the  various  components  of  the 
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Tape 

magnetization 


Figure  7.16  Relationship  between  applied  magnetic  field 
(magnetizing  force)  and  resulting  tape  permanent  magnet¬ 
ization.  (From  Byte  Magazine,  Feb.  1977,  p.  27.) 


recorded  information,  and  therefore  this  type  of  recording  is  carried 
out  in  regions  AB  and  DE  on  the  tape.  To  operate  in  these  regions 
either  a  dc  or  high-frequency  bias  is  employed. 

For  digital  recording  no  such  linearity  is  required,  and  in  fact  the 
tape  is  driven  out  to  points  C  and  F,  which  completely  magnetizes  it 
(saturates  it)  in  one  direction  or  the  other,  depending  on  whether  a 
binary  1  or  0  is  to  be  stored.  This  type  of  recording  technique  is 
highly  tolerant  of  large  variations  in  drive  signal,  since  as  long  as  the 
tape  is  driven  into  saturation,  the  same  total  magnetization  will 


occur,  resulting  in  identical  signals  on  playback.  Furthermore,  this 
recording  method,  where  the  tape  swings  from  saturation  on  one 
side  to  saturation  on  the  other,  also  results  in  the  maximum  playback 
voltage  signals,  highest  signal-to-noise  ratio,  and  minimal  electron¬ 
ics  since  one  doesn't  have  to  worry  about  critical  bias  levels  to  keep 
f  e  tape  in  the  linear  region.  In  short,  direct  digital  data  recording  is 
in  erently  easier,  cheaper,  and  more  reliable  than  audio  techniques 
or  recording  of  digital  data. 

As  illustrated  by  the  recorder  circuit  given  in  Fig.  7.17,  the  actual 

diffCt  recorc^n8  digital  data  on  magnetic  tape  is  not  all  that 
i  ‘cult.  All  that  is  required  is  a  circuit  capable  of  producing  a 
tg  lr^donal  current  in  the  write  head  large  enough  to  saturate  the 
to  ^  '  yPlcal  digital  tape  heads  require  peak  write  currents  of  from  2 
mA  to  guarantee  tape  saturation.  The  circuit  given  in  the  figure 
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converts  standard  transistor-transistor  logic  (TTL)  ditn^i  • 
nals  into  the  required  write  currents.  S  lnPut  sig. 

When  V,„  is  above  2.4  V  (TTL  HI  input,  D,  conducts  ,  ,, 
zeners  so  that  V0  is  1.4  -  0.7  -  11  =  -10.3  v  When  V  i.  fc  ?"d 
V  (a  TTL  LO  input),  D2  conducts,  D,  zeners  and  V  - ("4 + „ 0  8 

22tZ  Z‘"m  b*  *  “■  ~ 

During  playback  of  the  recorded  signals,  the  same  head  m  u 
used  to  "read"  information  off  the  tape.  Since  the  head  is  basically  a ' & 
inductor  it  will  have  a  voltage  induced  in  it  only  when  the  magnetic 
ield  (or  flux)  from  the  tape  passing  under  it  is  changing,  or  more 
specifically,  an  induced  voltage  proportional  to  the  rate  of  change  of 
ux  passing  under  the  head.  Therefore,  if  a  square  wave  of  current 
were  applied  to  the  write  head,  producing  a  corresponding  square 
wave  of  magnetization  on  the  tape,  then  on  playback  the  head 
voltage  would  appear  as  an  alternating  sequence  of  positive-  and 

negative-going  spikes  corresponding  to  the  direction  of  the  flux 
changes  (Fig.  7.18a). 


The  circuit  given  in  Fig.  7.18b  illustrates  one  approach  for  convert¬ 
ing  the  voltage  spikes  produced  at  the  tape  head  back  into  a  signal 
corresponding  to  the  original  data  recorded  on  the  tape.  /Cj  amplifies 
the  voltage  signal  and  filters  it  to  improve  the  signal-to-noise  ratio. 
IC2  and  1C3  are  threshold  detectors,  with  IC2  responding  to  voltages 
exceeding  a  preset  positive  voltage  and  IC3  to  a  preset  negative 
voltage.  Rt  adjusts  the  threshold  amplitude  and  is  set  at  a  level  high 
enough  to  minimize  noise  effects  and  yet  low  enough  to  capture  all 
valid  flux  transition  spikes.  The  output  of  these  detectors  is  then 
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Figure  7.17  Direct  recording  of  digital  data  on  magnetic  tape. 
(From  Byte  Magazine,  February  1977,  p.  27.) 
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(iii)  Positive-edge 
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(b) 

Fj9ure  7.18  (a)  Key  waveforms  associated  with  the  direct  digital  data  tape 
p^back  circuit  given  below.  (From  Byte  Magazine,  January  1977,  p.  35.)  ( b ) 
ayback  circuit  of  direct  digital  cassette  recorder. 


178  Electronic  Games 


applied  to  a  conventional  set-reset  flip-flop  to  reconstruct  the  ori  ■ 
nal  data.  The  relationship  between  the  key  signals  in  the  circuit  ' 
given  in  Fig.  7.18a.  1S 

One  subject  completely  glossed  over  in  the  previous  discussion  is 
the  actual  technique  to  be  employed  for  encoding  the  data  on  the 
tape,  that  is,  the  format  of  the  data  on  the  tape.  In  the  examples  given 
in  this  section,  the  so-called  NRZ  (nonreturn  to  zero)  encoding 
scheme  is  employed,  and  while  this  method  is  particularly  simple  to 
understand  and  construct  in  terms  of  required  electronics,  there  are 
many  superior  recording  schemes  available.  However,  a  discussion 
of  the  relative  merits  of  each  of  these  methods  is  beyond  the  scope  of 
this  text. 


7.5  MICROPROCESSOR  INTERFACING  TO  MAGNETIC  TAPE  I/O 
DEVICES 

The  serial  transmission  of  digital  data  may  be  accomplished  by  using 
either  synchronous  or  asynchronous  methods.  Synchronous  trans¬ 
mission  involves  a  continuous  stream  of  characters  and  is  used  in 
applications  where  high  data  transmission  rates  and  maximum  data 
storage  density  are  of  paramount  importance.  Asynchronous  com¬ 
munication  techniques,  on  the  other  hand,  are  best  suited  to  applica¬ 
tions  where  the  transmission  of  characters  is  not  necessarily  continu¬ 
ous  in  time,  and  where  low  cost  of  the  transmit  and  receive 
electronics  is  a  primary  concern. 

Although  the  storage  of  asynchronous  data  on  magnetic  tape  may 
not  be  optimal  from  the  viewpoint  of  maximizing  the  data  storage 
density  on  the  tape,  one  60-min  cassette  can  still  hold  upwards  of  300 
kilobytes  of  data  recorded  in  this  manner,  and  thus  this  technique  is 
more  than  adequate  for  meeting  the  storage  needs  of  most  electronic 
games.  Therefore,  in  this  section  on  methods  for  interfacing  a  micro¬ 
processor  to  a  cassette  mass  storage  system,  we  will  confine  our 
discussion  to  asynchronous  data  transmission  methods.  The  block 
diagram  given  in  Fig.  7.19  indicates  the  overall  scope  of  the  interfac¬ 
ing  problem. 

To  record  data  on  the  cassette  unit,  the  tape  is  started  and  the 
word  to  be  recorded  is  sent  to  the  transmitter;  then,  on  receipt  of  a 
control  signal  from  the  processor,  the  transmitter  converts  the  8-bit 
data  word  into  a  serial  stream  of  data  bits.  The  tape  encoder  electron¬ 
ics  further  convert  these  digital  signals  into  a  format  appropriate  for 
recording  on  the  tape;  for  example,  one  of  the  methods  previously 

discussed  can  be  used  to  convert  the  signals  into  distinct  tones 
representing  the  Is  and  Os. 
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Figure  7.19  A  complete  mass-storage  cassette  recorder  interface  to  a 
microprocessor. 


On  playback  the  signals  on  the  tape  (the  tones  in  the  example 
given)  are  decoded,  transforming  them  back  into  a  serial  stream  of  Is 
and  Os.  This  serial  data  enters  the  receiver,  where  it  is  converted  back 
to  its  original  parallel  form.  When  one  complete  data  word  has  been 
collected  by  the  receiver,  it  sends  a  signal  to  the  processor,  and  the 
word  is  read  into  the  computer.  This  process  continues  until  all  of  the 
data  has  been  successfully  read  from  the  tape. 

The  general  form  of  the  signal  used  in  asynchronous  data  trans¬ 
mission  is  shown  in  Fig.  7.20a.  Note  that  the  information  is  trans¬ 
mitted  one  character  (word)  at  a  time  and  that  no  clocking  informa- 
hon  is  explicitly  transmitted  with  the  signal.  Furthermore,  the 
spacing  between  successive  characters  is  not  fixed  and  can  be  of  any 
uration,  as  long  as  there  are  at  least  the  proper  number  of  stop  bits 
r°m  the  end  of  one  character  to  the  start  of  the  next.  During  the 
^ansmitter  idle  time,  that  is,  during  the  time  when  no  data  is  being 
ent'  output  remains  HI  (logic  1).  To  begin  the  transmission  of  a 
c^aracter/  the  output  goes  LO  (logic  0)  for  a  1-bit  time  interval; 
ne^ls  ^nown  as  the  start  bit  and  is  used  to  signal  the  receiver  that  a 
sion  C  j.arac*er  beginning.  The  start  bit  is  followed  by  the  transmis- 
0  the  data  bits,  with  the  least  significant  bit  transmitted  first. 
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Depending  on  the  type  of  data  being  transmitted,  this  portion  of  th 
signal  may  be  anywhere  from  5  to  8  bits  in  length;  however,  f0r  ° 
specific  system  this  is  usually  fixed  at  one  particular  value.  Followi^ 
the  data,  the  user  may  if  desired  add  a  parity  bit,  choosing  to  emplo8 
either  even,  odd,  or  no  parity  with  the  transmitted  signal.  In  order  to 
separate  one  character  from  the  next,  the  parity  bit  must  be  followed 
by  at  least  1  stop  bit,  that  is,  a  return  to  a  logic  1  level  before  the  next 
character  is  transmitted.  As  an  example  of  this  form  of  data  transmis¬ 
sion,  consider  the  waveform  given  in  Fig.  7.20b,  in  which  the  8-bit 
data  word  10110101  is  being  transmitted.  Odd  parity  has  been 
assumed,  and  2  stop  bits  have  been  selected. 

In  order  to  transmit  this  type  of  signal,  the  data  word  output  from 
the  microprocessor  must  be  loaded  into  some  type  of  shift  register 
circuit.  Additional  control  circuitry  is  also  needed  to  cause  the  trans¬ 
mission  of  the  proper  number  of  data  and  stop  bits,  and  to  insert  the 
proper  parity  information  in  the  signal.  The  receiver  circuit  for  this 
type  of  signal  must  also  contain  some  type  of  shift  register.  However, 
since  the  incoming  signal  is  asynchronous,  i.e.,  can  begin  at  any 
time,  special  circuitry  needs  to  be  included  to  detect  the  occurrence 
of  a  start  bit.  Generally  the  receiver  clock  is  set  at  a  frequency  16 
times  higher  than  the  incoming  data  bit  rate.  When  a  start  bit  is 
detected,  the  receiver  waits  24  clock  times  (to  get  to  the  center  of  data 
bit  DO)  and  then  reads  in  the  first  data  bit;  subsequent  bits  are  read 


Figure  7.20  (a)  General  format  used  for  asynchronous  data  transmission; 

(b)  asynchronous  transmission  of  the  data  word  10110101  using  odd  parity 
and  2  stop  bits. 
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Figure  7.21  Basic  internal  structure  of  a  UART.  (Adapted  from  General 
Instrument  AY-5-1013  Data  Sheet,  March  1974.) 


in  every  16  clock  cycles.  This  use  of  high-frequency  clocks  allows  the 
transmitter  and  receiver  clocks  to  differ  by  as  much  as  ±5%  without 
producing  any  data  transmission  errors. 

From  the  previous  discussion  it  should  be  apparent  that  a  fair 
amount  of  digital  logic  hardware  would  be  required  to  construct  the 
transmitter  shift  register,  the  control  and  parity  generation  circuits, 
and  the  receiver  shift  register  and  control  and  transmission  error- 

into^011  C*rcu*ts’  Fortunately  all  of  this  hardware  has  been  designed 
a  single  LSI  circuit  known  as  a  universal  asynchronous  receiver- 

transmitter  (UART). 

dev^6  klock  diagram  of  a  typical  UART  is  given  in  Fig.  7.21.  The 
it  ^  ls  Programmable;  that  is,  by  making  external  connections  to 
user  can  select  the  number  of  data  bits  per  character,  the 


rfacing  a  UART  to  a  microprocessor. 
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(b)  (c) 

Figure  7.22  (b)  Record  software;  (c)  playback  software. 

number  of  stop  bits,  and  the  type  of  parity  if  any.  Either  this 
information  can  be  hard-wired  permanently  to  the  UART  by  con¬ 
noting  the  input  control  lines  to  the  appropriate  HI  or  LO  levels  or, 
as  shown  in  Fig.  7.22,  the  UART  control  register  may  be  initialized  to 
Jne  proper  value  at  the  start  of  the  data  transfer  operation  by  treating 
e  Agister  as  an  output  port  and  writing  the  proper  data  into  it. 
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In  coupling  the  UART  to  byte-oriented  microprocessor  systems  8 
data  bit  characters  are  most  commonly  employed.  When  the  proces 
sor  is  ready  to  transmit  a  character,  it  places  the  information  on  the 
data  bus  and  signals  the  UART  to  transmit  it  by  pulling  the  "data 
strobe  line  LO.  This  loads  the  UART's  transmitter  shift  register  and 
causes  the  transmit  clock  to  shift  the  data  out  onto  the  serial  output 
line.  When  the  UART  is  free  to  accept  another  character,  it  signals 
this  fact  by  bringing  the  transmitter  "buffer  empty"  line  HI.  This 
signal  is  often  fed  back  to  the  processor  to  tell  it  that  the  UART  is  now 
ready  to  accept  another  character  for  transmission. 

At  the  receiver  end  of  the  UART,  the  incoming  signal  is  loaded 
into  the  receiver  holding  register.  When  a  complete  character  has 
been  shifted  into  the  UART,  the  unit  signals  this  fact  by  bringing  the 
"data  available"  line  HI.  In  addition,  the  UART  produces  a  series  of 
error  check  signals  to  determine  whether  or  not  the  character  has 
been  received  correctly.  These  signals,  along  with  the  data  contained 
in  the  receiver  holding  register,  are  all  connected  to  the  outside 
world  via  tristate  buffers  and  are  therefore  easily  interfaced  to  the 
bus-oriented  structure  of  microprocessors. 

The  circuit  given  in  Fig.  7.22  illustrates  one  method  for  interfacing 
a  UART  of  the  form  previously  described  to  an  8080  microprocessor. 
The  flowcharts  given  in  Fig.  7.22b  and  c  indicate  the  type  of  software 
that  would  be  employed  with  this  hardware  in  order  to  construct  a 
complete  system  for  recording  and  playing  back  digital  data  from  a 
magnetic  tape  recorder.  This  system  would  work  equally  well  with 
either  of  the  recording  techniques  described  in  the  previous  section. 

To  write  information  onto  tape,  the  processor  first  outputs  a 
control  word  to  output  port  00.  This  data  is  loaded  into  the  UART's 
control  register,  and  determines  the  format  to  be  used  during  the 
remainder  of  the  data  recording.  Next  the  processor  outputs  the  first 
data  word  to  the  UART  by  writing  into  output  port  01.  The  control 
signal  produced  pulses  the  UART's  "data  strobe"  line  which  loads 
the  transmitter  shift  register  with  the  contents  of  the  data  bus  and 
begins  transmission  of  the  first  character.  Unless  the  microprocessor 
knows  that  it  won't  overload  the  UART,  that  is,  send  characters  to  it 
too  fast,  it  should  check  the  UART's  transmitter  "buffer  empty"  line 
to  ensure  that  the  UART  is  ready  for  another  character  before  output¬ 
ting  to  port  01.  However,  if  the  UART  has  a  fixed  clock  rate,  then  the 
processor  can  avoid  this  testing  by  using  internal  time  delay  routines 
to  guarantee  that  the  processor's  data  output  rate  will  not  exceed  the 
UART  s  capability.  This  process  continues  until  all  of  the  data  has 
been  transmitted  by  the  microprocessor,  and  at  that  point  some 
special  character  such  as  an  EOT  (end  of  transmission)  may  be  sent 
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and  recorded  on  the  tape  to  serve  as  a  marker  for  locating  the  end  of 
the  program. 

To  read  data  from  the  UART  during  tape  playback,  the  processor 
first  reads  the  contents  of  the  status  register  from  input  port  00. 
When  the  "data  available"  line  goes  HI,  this  indicates  that  a  com¬ 
plete  character  is  now  in  the  receiver  holding  register,  and  the 
processor  responds  to  this  condition  by  reading  in  this  data  from 
input  port  01.  This  process  continues  until  the  EOT  character  is 
detected,  and  at  this  point  the  processor  terminates  the  READ  opera¬ 
tion.  Then,  depending  on  its  external  connections,  it  may  either  turn 
off  the  tape  recorder  or  simply  signal  the  operator  via  a  light  or 
buzzer  that  all  of  the  data  has  been  read  from  the  tape. 

The  technique  that  has  been  employed  in  this  section  for  convert¬ 
ing  data  from  parallel  to  serial  form  and  vice  versa  by  using  UARTs 
may  be  classified  as  a  hardware  approach  to  this  data  conversion 
problem.  However,  as  we  shall  see  in  the  next  chapter,  this  same  task 
can  be  accomplished  equally  well  by  using  software  instead  of  hard¬ 
ware.  With  this  approach  special  programs  are  written  to  take  the 
data  words  internal  to  the  processor  and  shift  them  out  one  bit  at  a 
time  or,  conversely,  to  sense  data  coming  in  serially  on  one  of  the 
lines  of  an  input  port  and  by  means  of  software  check  it  for  errors  and 
simultaneously  restructure  it  into  8-bit  data  words.  In  fact,  by  means 
of  proper  software  design,  most  of  the  tape  recorder  encoder  and 
decoder  electronics  discussed  in  the  previous  section  could  also  be 
eliminated.  The  factors  governing  these  hardware-software  trade¬ 
offs  will  be  fully  discussed  in  Chap.  8. 


In  this  chapter  we  will  examine  the  techniques  for  employing  micro¬ 
processors  in  the  design  of  electronic  games.  Since,  at  present,  the 
majority  of  these  games  have  been  developed  for  use  with  standard 
television  receivers,  considerable  attention  will  be  focused  on  the 
methods  used  for  display  through  this  medium.  In  the  first  section 
we  will  discuss  how  to  display  digital  information  raster-type  TV 
scans,  and  in  the  sections  that  follow  we  will  elaborate  on  the 
techniques  for  producing  special  video  and  audio  effects. 

One  of  the  most  attractive  features  of  designs  based  on  micropro¬ 
cessors  is  that  they  often  permit  considerable  savings  to  the  manu¬ 
facturer  through  elimination  of  excess  hardware  with  replacement  of 
the  equivalent  functions  by  software.  In  Sec.  2  the  authors  present  a 
complete  discussion  of  this  subject  and  illustrate  several  typical 

arc* ware-software  trade-offs  encountered  in  the  design  of  electronic 
games. 


8/1  M,cROPROCESSOR  refresh  techniques  for  raster  scans 

noth'  S*mP*est  f°rrn  a  microprocessor-based  video  display  consists  of 
mg  more  than  a  circuit  which  permits  a  section  of  memory  to  be 
Payed  on  a  cathode-ray  tube  (CRT).  The  number  of  memory 
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bytes  employed  determines  the  resolution,  that  is,  how  much  r 
detail  is  present,  with  the  actual  data  stored  determining  tl  „  ‘ne 
pattern  displayed  in  the  scene.  ®  specif,c 

Some  systems,  such  as  RCA's  Studio  II  electronic  eame  h-  , 
display  the  stored  information  on  a  bit-by-bit  basis,  while  oihem  ui 
the  word  stored  at  each  memory  location  to  address  a  ROM  whit 
contains  the  set  of  stored  patterns  to  be  generated.  Usually  the  latter 
method  represents  a  more  efficient  use  of  available  memory  space 

since  one  word  of  memory  can  be  used  to  create  a  ROM  character 
held  of  arbitrary  size  and  complexity. 

The  block  diagram  given  in  Fig.  8.1a  illustrates  how  to  construct 
one  type  of  video  RAM  circuit,  employing  a  ROM  character  genera- 


(a) 


CRT  display 


Enlargement  of  the 
contents  of 
cell  j  as  displayed 
on  the  screen 
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(b) 

ram"6-8,1  •  Video  RAM  disPlay  system,  (a)  Block  diagram  of  a  typical  video 
M  circu,t;  (*>)  mapping  of  the  video  RAM  output  on  the  CRT. 
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tor,  to  create  a  particular  video  scene.  As  shown  in  the  figure,  the 
contents  of  all  n  words  of  the  RAM  are  simply  mapped  directly  into 
the  n  video  cells  on  the  CRT.  The  actual  pattern  displayed  in  each  of 
the  cells  on  the  screen  is  determined  by  the  data  stored  in  the  RAM  as 
well  as  by  the  type  of  ROM  employed,  and  thus  the  final  scene 
created  could  contain  either  alphanumer- 
ics  or  graphics  data  or  possibly  both. 

The  specific  ROM  illustrated  in  Fig.  8.2 
is  used  for  generating  alphanumeric  char¬ 
acters  in  a  standard  7x9  dot  matrix  for¬ 
mat.  To  produce  a  particular  character,  the 
ASCII  code  for  that  character  is  entered  on 
the  data  input  lines  (DO  to  D6).  For  exam¬ 
ple,  to  generate  the  letter  A,  as  shown  in 
Fig.  8.1  b,  the  input  data  1000001  is  placed 
on  the  data  input  lines.  Note  that  although 
the  final  characters  produced  fit  into  a  7  x  1 
9  grid  pattern,  typically  a  dot-matrix  for-  1 
mat  of  10  x  15  boxes  is  allocated  for  each  1 
character,  with  the  empty  boxes  serving  as 

intercharacter  and  interline  spaces.  Figure  8.2a  The  MCM 

In  order  to  understand  how  a  typical  6576  a  7x9  dot  matrix 
video  RAM  system  operates  it  may  first  be  character  generator  ROM. 
useful  to  consider  the  operation  of  the  sys-  MCW  6576  ROM  pinout, 
tern  shown  in  Fig.  8.3,  which  has  been  designed  to  display  a  single 
character  on  a  conventional  oscilloscope.  The  ROM  illustrated  in  this 
figure  is  the  same  as  that  shown  in  Fig.  8.2  and,  while  not  directly 
applicable  to  video  games,  is  very  popular  for  use  with  systems 
generating  alphanumeric  raster  scans.  Here  as  in  the  previous  exam¬ 
ple  the  selected  character  will  be  displayed  in  a  10-column  by  15-row 
0rmat  in  which  for  the  alphanumeric  representation  presently  being 
considered  only  7  x  9  of  these  dots  will  be  active.  The  output  data 
rom  the  ROM  corresponding  to  the  selected  character  is  available 
°ne  row  at  a  time.  At  first  the  fact  that  all  matrix  points  are  not 
Slmultaneously  available  might  appear  to  create  a  problem.  How- 
^er'  by  recalling  that  a  TV  raster  scans  only  one  line  at  a  time,  you 

Quid  be  able  to  see  that  this  ROM,  in  fact,  is  ideally  suited  to  the 
ask  at  hand. 

(ja|^eturn*n8  now  to  the  figure,  let's  assume  that  the  ROM  character 
theVnpUt  ‘S  a  1000001  /  or  the  ASCII  entry  for  the  letter  A,  and  that 
appU7Cal  ar»d  horizontal  sweep  signals  generated  by  the  circuit  are 
key  ^  *be  respective  deflection  plates  on  the  oscilloscope.  The 
one  e  e^orrns  for  this  circuit  are  given  in  Fig.  8.4.  For  this  circuit 
0rnplete  vertical  sweep  is  produced  for  every  15  horizontal 
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patterns.  ( Courtesy  Motorola  Semiconductor.) 
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Figure  8.3  Displaying  a  single  character  on  an  oscilloscope. 

sweeps  of  the  beam,  and  this  relationship  generates  a  raster  contain- 

ing  15  horizontal  scan  lines.  Each  of  these  scan  lines  is  effectively 

divided  into  10  columns  (or  dot  positions)  by  the  column  counter, 

producing  an  overall  grid  pattern  of  10  columns  by  15  rows,  or  150 
dots. 

At  the  beginning  of  each  new  figure,  the  row  and  column  counters 
are  initially  0,  with  the  beam  starting  out  at  the  upper-left-hand  side 
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of  the  screen.  Since  the  row  counter  contains  a  binary  0000,  the  ROM 
output  contains  data  corresponding  to  row  0  of  the  character  A,  or 
0011100  sequence.  These  outputs,  along  with  three  additional  0s  (see 
Fig.  8.3)  are  loaded  into  the  shift  register  and  shifted  out  one  bit  at  a 
time  onto  the  z-axis  input  of  the  oscilloscope  to  modulate  the  beam 
intensity.  Here  it  has  been  assumed  that  a  1  turns  the  beam  on  and  a 
0  cuts  it  off.  The  three  0  bits  entered  along  with  the  ROM  data  bits  at 
the  start  of  each  new  row  blank  the  beam  and  serve  as  the  interchar¬ 
acter  spacing.  The  reader  should  also  note  that  rows  10  through  14 
are  automatically  blanked  by  the  character  generator  to  produce  the 
required  interline  spacing  of  characters. 

The  same  basic  circuitry  may  also  be  used  to  create  graphic  dis¬ 
plays  if  the  character  generator  ROM  and  shift  register  circuit  previ¬ 
ously  discussed  are  replaced  by  the  ROM-like  circuit  given  in  Fig. 
8.5.  In  this  display  mode  each  video  RAM  cell  is  effectively  divided 
into  a  6-box  array  of  2  columns  by  3  rows  (Fig.  8.6).  By  application  of 
the  appropriate  input  code,  each  of  these  boxes  (dots)  may  be  inde¬ 
pendently  illuminated  or  left  dark  in  order  to  create  different  graph¬ 
ics  patterns.  The  code  required  to  generate  a  particular  pattern  is 


(a)  (b) 

Figure  8.5  A  graphics  “ROM.”  (a)  Electronics  of  the  graphics  ROM;  (b) 
cell  areas  controlled  by  bit  inputs  to  the  graphics  ROM.  (Adapted  from 
Polymorphic  Systems  Video  Interface  Board.) 
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9ur©  8.6  Developing  graphics  images  with  the  graphics  ROM.  (a)  Bit 

Paru'°nS  USec*  *°  generate  the  graphic  patterns;  ( b )  hexadecimal  code  for 

giveICUlar  Cel1  patternSi  (c)  video  RAM  contents  to  produce  graphics  display 

Posit'i ln  ^  (Note:  zero  in  a  bit  position  illuminates  the  square,  one  in  a  bit 

data l0n  ^ar^ens  the  square.);  (d)  video  display  produced  by  the  video  RAM 
d  9'ven  in  part  (c). 
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simply  the  binary  equivalent  of  that  pattern  using  the  bit  positio 
values  given  in  Fig.  8.6c.  Several  specific  cell  patterns  are  illustrated 
in  Fig.  8.6 b,  and  in  Fig.  8.6c  an  array  of  these  video  cells  has  been 
combined  to  form  a  particular  graphics  image. 

The  graphics-generating  circuit  given  in  Fig.  8.5  operates  in  the 
following  manner.  For  graphics  generation  all  of  the  10  by  15  dots  in 
the  grid  are  utilized,  and  when  the  scan  is  on  the  left-hand  side  of  the 
character  (columns  0  through  4),  multiplexer  Mj  is  enabled.  When 
the  scan  crosses  over  to  the  right-hand  side  of  the  character  (columns 
5  through  9),  Mx  is  turned  off  and  multiplexer  M2  is  enabled. 
Depending  on  the  particular  row  count,  either  bits  b5  or  b2  (during 
rows  0  to  4),  b4  or  bl  (during  rows  5  through  9),  or  b3  or  bO  (during 
rows  10  through  14)  are  displayed.  This  type  of  combined  graphics 
display  is  especially  useful  for  games  in  which  it  is  desired  to  display 
both  graphics  and  high-quality  alphanumeric  text  material. 

If  high-resolution  alphanumerics  are  unnecessary  for  the  particu¬ 
lar  game  under  consideration,  then  a  simpler,  less  costly  graphics 
approach  of  the  form  illustrated  in  Fig.  8.7  is  indicated.  For  this  case 
the  character  generator  ROM  has  been  eliminated,  and  when  needed 
the  alphanumerics  are  created  by  using  a  low-resolution  graphics 
approach.  Each  word  in  the  video  RAM  is  now  displayed  on  a  bit- 
by-bit  basis  in  a  sequential  fashion  on  a  single  scan  line,  or,  as  is 
usually  the  case,  repeated  several  times  on  a  group  of  scan  lines.  For 
the  specific  display  illustrated  in  Fig.  8.7a,  a  total  video  RAM  size  of 
five  hundred  and  twelve  8-bit  words  is  used.  This  display  employs  a 
noninterlaced  raster  scan  of  256  lines,  with  each  word  line  repeated 
on  a  group  of  four  scan  lines.  Thus  the  display  generates  64  word 
lines  having  8  RAM  words  of  8  bits  each,  or  an  overall  display  of  64  x 
64  dots.  For  many  of  today's  video  games  this  resolution  has  proved 
adequate.  As  shown  in  Fig.  8.7b,  the  electronics  required  for  this 
type  of  direct  video  display  are  quite  simple,  and  as  a  result  this  has 
been  the  approach  employed  in  many  of  the  currently  popular  low- 
resolution  microprocessor-based  video  games. 

In  order  to  generate  a  complete  video  RAM  raster  scan  display  of 
the  form  previously  illustrated  in  Fig.  8.1,  additional  circuitry  will  be 
needed  to  permit  the  generation  of 'multiple  characters  on  a  single 
line  and  of  multiple  lines  of  output  in  order  to  form  a  complete 
image.  The  design  given  in  Fig.  8.8  generates  an  alphanumeric/ 
graphics  display  containing  16  character  lines  with  32  character 
positions  per  line.  In  order  to  generate  both  alphanumeric  and 
graphics  data,  it  employs  both  a  standard  7x9  character-generator 

ROM  as  well  as  the  graphics  “ROM"  circuit  given  in  Fig.  8.5.  Here 
the  RAM  is  used  to  store  the  data  to  be  displayed,  with  bit  b7  in  each 
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y  scan  lines 

(1  word/4  scan  lines  X 
256  scan  lines/frame 
=  64  word  lines/frame) 


(a) 


(b) 

Figure  8.7  A  direct-display  video  RAM  system,  (a)  4096  (64  x  64)  dot  array; 
)  direct  video  RAM  circuit. 


'vord  being  used  to  determine  whether  the  stored  word  (in  bits  bO  to 
aJ  iS.t0  ke  c°nverted  into  an  alphanumeric  or  a  graphic  character. 

itional  line  and  character  counters  have  also  been  added  to  the 
0rrner  single  character  display  of  Fig.  8.3  in  order  to  generate  the 
complete  video  image. 

th  before,  at  the  start  of  each  frame,  the  electron  beam  begins  at 
e  uPPer-left-hand  side  of  the  screen,  and  since  all  of  the  counters 
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Figure  8.8  Display  system  for  16  lines  of  alphanumeric  graphics  data.  32 
characters  per  line. 


are  initially  zero,  the  ROM  is  first  addressed  with  the  data  from  RAM 
word  zero,  and  a  sweep  on  row  0  is  begun.  The  ROM  output  data 
corresponding  to  row  0  is  then  loaded  into  the  shift  register,  and 
with  each  subsequent  clock  pulse  the  next  column  output  of  row  0, 
character  0,  line  zero  is  shifted  out  onto  the  z-axis  line  to  modulate 
the  beam  intensity.  After  the  first  10  clock  pulses,  the  character 
counter  is  incremented,  and  the  next  word  in  RAM  is  addressed  to 
start  the  display  of  the  WORD  1  output  on  row  0.  This  process 
continues  until  the  first  row  of  all  characters  on  line  zero  has  been 
displayed,  and  at  this  point  the  row  counter  is  incremented,  and  the 
column  and  character  counters  are  reset  to  zero  to  begin  the  display 
of  the  second  row  of  line  0.  At  the  end  of  the  fifteenth  row,  one 
complete  line  of  characters  has  been  displayed,  and  the  line  counter 
increments  to  begin  the  display  of  the  second  line.  When  the  display 
of  all  lines  is  completed,  all  counters  return  to  0,  and  the  process 
begins  again. 

In  order  to  change  the  display,  the  contents  of  the  video  RAM 
must  be  altered.  Since  the  RAM  "belongs"  to  the  display  system. 
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additional  circuitry  is  needed  to  present  the  data  to  be  written  at  the 
RAM  input  and  then  to  either  jam  the  address  of  the  word  to  be 
modified  into  the  line  and  character  counters  prior  to  application  of 
the  WRITE  pulse  or  else,  via  multiplexers,  to  switch  in  a  new  address 
register  containing  the  address  of  the  word  to  be  changed.  The 
circuit  given  in  Fig.  8.9  illustrates  a  microprocessor-based  TV  video 
display  system  employing  this  latter  approach. 

In  its  normal  display  mode,  the  video  RAM  is  addressed  by  using 
the  line  and  character  counters,  which  also  generate  the  appropriate 
sync  and  blanking  signals  to  lock  the  picture  on  the  screen  and  to 
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Fi9ure  8.9 

Astern. 


A  complete  microprocessor-controlled  video  RAM  display 
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blank  out  the  beam  during  retrace.  Thus  for  this  mode  of  operation 
the  system  behavior  is  identical  to  that  of  the  video  RAM  previously 
discussed. 

To  alter  the  contents  of  the  memory,  the  processor  issues  to  the 
display  circuits  a  command  which  at  the  appropriate  time  in  the 
display  cycle  causes  the  multiplexer  to  switch  the  video  RAM 
addressing  over  to  the  microprocessor.  At  this  point  the  processor, 
now  temporarily  in  control  of  the  RAM's  address  bus,  writes  the 
required  information  into  the  proper  locations  within  the  RAM.  In 
order  to  prevent  the  appearance  of  visual  "glitches"  on  the  screen  as 
the  RAM  contents  are  updated,  this  procedure  is  carried  out  during 
the  nondisplayed  (blanked  out)  portions  of  the  vertical  sweep.  This 
technique  is  very  similar  to  that  employed  in  Fairchild's  Channel  F 
microprocessor-based  video  game. 


Memory 


Figure  8.10  RCA  Studio  II  block  diagram.  (From  a  paper  by  P.  K.  Baltzer 
and  J.  A.  Weisbaecker ,  Fun  and  Games  with  Cosmac  ”  presented  at  Electro 
77,  April  1977.) 
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In  the  RCA  Studio  11  electronic  Video  R,mic  (Fie  Him  ,  ,  , 

h.mlw.u-e  .issoci.Ued  will,  the  design  given  in  Fie  'u  ' 

elimin.ited.  This  paring  down  of  ih„  a  .  IR  8-9  h‘ls  been 

he  attributed  to  ,'he  u*  o7a 7^7^' '  ^Uired 

CD1>  1801)  in  conjunction  with  RCA 's  own  CDF  1802  mk  'C 

which  has  an  internal  DMA  capability.  In  addition  to  genemhng" 0 

::  R^:S“t  t  intrace  chip  ^ 

t'vif  *  b  lnb  of  each  now  frame  bv  sen  Hi  no-  & 

DMA  request  to  the  processor.  When  this  occurs,  the  process^? 

enters  a  spec, a  DMA  interrupt  routine  and  via  its  internal  DMA 
hardware  transfers  the  entire  video  RAM  contents  one  word  at  a  time 
tnto  the  interface  chip  for  display.  During  the  nondisplayed  vertical 
and  honzontal  tune  intervals,  the  processor  returns  from  its  DMA 
mode  to  carry  out  the  normal  data  processing  and  RAM  updating 
associated  with  the  particular  game  being  played.  P  8 

8.2  HARDWARE-SOFTWARE  TRADE-OFFS 

Once  the  decision  has  been  made  to  incorporate  a  microprocessor 
into  a  particular  video  game,  many  side  benefits  are  accrued.  Most 
o  vious  of  these  are  the  versatility  of  the  design,  the  multiplicity  of 
games  available,  and  the  ease  with  which  a  particular  game  design 
urn  be  modified.  Additionally  there  is  the  low  cost  associated  with 
t  e  elimination  of  the  usually  considerable  number  of  ICs  required  to 
accomplish  this  same  task  by  means  of  conventional  wired-logic 
approach.  Along  these  lines,  as  we  shall  see  in  this  section,  it  is  also 
possible  to  realize  many  other  savings,  especially  in  the  systems 
interfacing  circuitry,  by  replacing  this  hardware  with  software  rou- 
mes  that  carry  out  the  same  functions. 

In  order  to  illustrate  the  general  form  of  these  hardware-software 
ra  e~°ffs,  the  authors  will  discuss  four  examples  of  particular  rele¬ 
vance  to  the  design  of  electronic  games: 

An  analog  joystick  interface 
2-  A  keyboard  encoder  design 
‘  An  LED  digit  scan  design 
4-  A  software  UART 


Interface 

play^  V  games  employ  some  type  of  joystick  control  to  allow  the 
position  objects  (such  as  tennis  paddles,  hockey  sticks. 
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tanks  and  aircraft,  and  cue  sticks)  on  the  screen.  Although  somewhat 
less  reliable  than  all-digital  controls,  the  dual-potentiometer  joystick 
illustrated  in  Fig.  8.11  is  inexpensive  and  does  offer  the  player  a 
"feel"  not  present  in  discrete  digital  controls. 

The  block  diagram  given  in  Fig.  8.12a  illustrates  how  a  control  of 
this  type  might  be  interfaced  to  the  microprocessor  by  means  of  an 
all-hardware  approach.  Here,  depending  on  the  position  of  the  joy¬ 
stick  control,  a  voltage  V*  is  produced.  This  voltage  is  then  trans¬ 
formed  into  its  digital  equivalent  by  using  an  external  analog-to- 
digital  converter.  On  completion  of  each  conversion  cycle,  the  A/D 


data  bus 


Figure  8.12  An  all-hardware  joystick  interface. 
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ware6  * ^  ^  reduced-hardware  joystick  interface,  (a)  A  part-hard- 

a  sin  f3art'Software  A/D  converter;  ( b )  interfacing  multiple  joysticks  to 
9  e  A/D  converter. 


recopSl^na^S  Processor  by  means  of  the  DONE  flag  bit,  and,  once 
°ne  0^1Z.  '  the  processor  simply  reads  the  converted  data  in  from 

pr0cess  US  input  Ports-  If  the  A/D  unit  is  much  faster  than  the 
the  unit*  Samplin8  rate,  then  the  DONE  fl  ag  bit  is  unnecessary,  and 
Can  c°nvert  the  signal  and  wait  for  the  processor  to  take  in 
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this  data  before  beginning  another  conversion.  In  either  c 
although  rather  simple  to  implement,  this  conversion  sche^' 
requires  considerable  external  hardware,  is  expensive,  and  is  the^ 
fore  an  unlikely  candidate  for  incorporation  into  mass-product 
electronic  games.  ed 

One  way  to  simplify  this  hardware  somewhat  is  to  perform  part  of 
the  A/D  conversion  process  within  the  microcomputer.  The  circuit 
illustrated  in  Fig.  8.13  is  that  of  a  typical  ramp-type  A/D  converter  in 
which  the  ramp  generation  process  is  carried  out  by  the  computer 
To  initiate  a  conversion,  the  processor  places  a  hexadecimal  00  into 
output  port  FF  and  then  begins  to  increment  this  number  while 
continually  testing  the  V4  (DONE)  line  to  see  if  V3  equals  V2.  As  the 
value  of  Vz  increases,  eventually  it  will  equal  V2,  and  when  this 
occurs  the  comparator  output  will  go  LO.  The  processor  senses  this 
transition  as  the  end  of  the  conversion  and  at  this  point  has  the 
digital  equivalent  of  the  analog  input  voltage  V2  in  its  accumulator.  A 
complete  sample  program  for  this  type  of  AID  conversion  is  given  in 
Fig.  8.14. 

It  is  important  to  note  that  the  basic  converter  circuit  given  in  Fig. 
8.13a  can  easily  be  interfaced  to  a  multiplicity  of  joystick  controls  by 
simply  adding  one  additional  comparator  for  each  joystick  control 
(Fig.  8.13b).  Furthermore,  the  resistive  D/A  network  shown  in  Fig. 
8.13a  is  not  essential  and  can  be  replaced  by  a  much  less  expensive 
IC  integrator  which  can  be  used  to  produce  the  ramp  voltage.  In 
addition,  this  latter  approach  requires  only  a  single  control  bit  from 
the  processor  to  reset  the  integrator  at  the  start  of  each  conversion 
cycle. 

A  very  different  approach  to  the  solution  of  this  joystick  interfac¬ 
ing  problem  is  illustrated  in  Fig.  8.15.  This  technique  requires  mini- 
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Joystick 


(a) 


Hexadecimal  code 


Mnemonic 


Address 

Instructions 

Label 

Instruction 

0000 

D3FF 

START: 

OUT  #FF 

02 

14 

LOOP: 

INR  D 

03 

DBFF 

IN  #FF 

05 

E601 

ANI  #01 

07 

CA0200 

JZ  LOOP 

0A 

C9 

RET 

Comments 


Write  to  any  output 
port  to  initiate  pulse 

Check  for  timeout 
completed  (bit  DO). 

Final  answer  in  D. 


(b) 


Figure  8.15  (a)  Minimal  hardware  joystick  interface;  ( b )  software  for  use 
with  circuit  in  (a). 


mal  hardware  and  uses  the  joystick  to  control  the  pulse  width  gener¬ 
ated  by  the  74121  one-shot.  The  generation  of  the  pulse  is  initiated 
by  the  processor  when  it  executes  an  OUT  operation  (that  is,  writes 
to  any  output  port),  after  which  the  processor  remains  in  the  count¬ 
ing  loop  until  it  receives  a  DONE  signal  from  the  one-shot.  In  this 
way  the  final  count  in  the  D  register  (see  Fig.  8.15 b)  is  proportional  to 
the  joystick  resistance  R. 


Keyboard  Interface 

Owing  to  the  rather  rough  treatment  received  by  the  interface  con¬ 
trols  on  electronic  games,  the  potentiometer  joystick  found  on 
today's  low-cost  games  is  likely  to  be  replaced  by  an  equivalent 
control  operating  by  means  of  a  keyboard  or  by  some  type  of  switchi¬ 
ng  arrangement  having  a  joysticklike  appearance.  Examples  of  each 
these  latter  approaches  are  found  in  RCA's  Studio  II  and  Fair- 
child  s  Channel  F  games  respectively. 

The  principal  advantages  of  keyboards  and  switches  over  resis¬ 
tive-type  joysticks  are  enhanced  reliability,  versatility,  and  ease  of 
nterfacing  to  microprocessor-controlled  games.  Here  again,  as  with 
he  joystick  interface  previously  discussed,  many  opportunities  are 
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(a) 


To 

processor 
input  port 


Input  port 

Output 

port 

yc/ 

ye/ 

y</ 

ES 
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'  v 

-V 

V 

B/ 

V 

-V 

1  V 
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/</ 

7S 

yc/ 

0^P_ 
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*  } 

► 

► 
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( c ) 


Figure  8.16  Interfacing  a  keyboard  to  a  microprocessor,  (a)  All  hardware; 
(b)  partial  hardware;  (c)  minimal  hardware. 
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afforded  for  eliminating  excess  hardware 
increased  software  overhead  expense  of 

— ~  -  - — 

addmon  to  encoding  the  data,  also  can  debounce  the  key  informa 
ion  and  eliminate  erroneous  outputs  due  to  multiple  key  roZ« 

mlrated  in  Fte  8  Z  "T  316  The  ^ 

...  .  F'8'  8-16f  goes  a  lon8  way  toward  eliminating  most  of 

^hardware  by  involving  the  processor  in  the  keyboard  Loding 

The  operation  of  this  circuit  may  be  explained  as  follows.  When  no 
key  is  depressed,  as  the  processor  continually  tests  each  of  the  key 
lines  fcee  Fig.  8^16b),  a  HI  output  will  be  continuously  obtained  in 

g&g  he‘  sh?uld  any  key  be  struck,  then  a  LO  will  be  found  on 
e  KEY  line  when  that  line  is  tested  by  the  processor  via  the 

demultiplexer.  At  this  point  the  processor  waits  for  a  small  amount  of 

time  for  the  key  bounce  to  die  out,  checks  all  other  keys  (for  rollover 

effects),  and  then  if  no  other  keys  have  been  simultaneously  hit, 

generates  and  stores  the  binary  code  equivalent  of  the  key  pressed. 

An  even  greater  hardware  simplification  of  this  circuit  may  be 

obtained  by  replacing  the  individual  switch  contacts  used  in  the 

previous  example  with  a  keyboard  matrix  of  the  form  given  in  Fig. 

8.16c.  With  this  type  of  keyboard,  the  entire  encoding  operation  can 

e  performed  in  software,  and  hardware  requirements  are  cut  to  the 
bone. 

As  before,  in  its  resting  mode  the  processor  continually  checks  the 
eys  to  see  if  one  has  been  struck.  However,  in  this  case,  the 
scanning  operation  is  accomplished  by  having  the  processor  pulse 
°ne  row  at  a  time  and  then  check  the  column  lines  for  nonzero 
outputs.  Should  a  HI  be  detected  on  any  of  the  column  lines,  then,  as 
e  °re,  the  processor  enters  a  WAIT  loop  for  debouncing  and  then 
ecks  all  of  the  other  key  positions  to  prevent  multiple  key  roll- 
Ver  effects.  If  none  exist,  the  keystroke  information  is  then  consid- 
valid  and  the  data  is  input  to  the  processor. 


^‘9't  Scan 

ir»d?c0rtVlde°  electronic  games,  the  game's  progress  is  frequently 
afford  ed  °n  7~seSment  LED  displays.  This  interfacing  problem 
Ware  aVi?^  0PPortunitY  for  the  elimination  of  considerable  hard- 
f  e  expense  of  additional  software. 

t 


Output 

port 

00 


Output 

port 

03 


Output 

port 

00 


D? 

Output 

port 

01 

Dl 

Do 


Ds 


D5 

Output  p4 
port  Da 
00  D2 
Di 


Do 


AAA - 

AAA - 

AAA - 

AAA - 


AAA - 


D7 

Output 

port 
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approach  that  might  be  utihzld  to  interfere  a  ^toop"6  COnventional 
d|sPit  LED  display.  As  shown,  this  a"  8' 

ports  and  eight  7-segment  decoder  driver  ICs  f7Snn  ■  8  outPut 
We  can  eliminate  much  of  the  hardware  b”  I  scanned 
to  this  problem.  With  this  technique,  each  lId  is  illum.natedln 
turn  and  the  scan  operahon  repeated  at  a  high  enough  rate  ha  t  all  of 
the  digits  appear  to  be  lit  simultaneously  The  circuit  ill,!  ,T  !  I  f 

Fig.  S.fTh  shows  how  the  displays  would  be  interfaced  to  the  piece's! 
sor  for  the  8-digit  case.  proces 

A  further  simplification  in  the  hardware  required  may  be  obtained 

by  storing  the  digit  decode  information  in  ROM.  With  this  approach 

only  two  output  ports  and  no  additional  hardware,  other  than  cur-' 

rent  limiting  resistors,  would  be  needed  to  interface  the  8-digit 
display  to  the  processor.  5 

The  complete  software  for  generating  this  type  of  display  is  illus- 
.rated  in  Fig.  8.18.  For  simplicity,  only  fhe  2-dfgh  case  isshown  but 
With  minor  revisions  the  program  can  be  expanded  to  handle  any 

num  er  of  digits.  The  hardware  connections  associated  with  this 
program  are  given  in  Fig.  8.17c. 

Following  the  comments  given  with  the  program,  we  see  that  the 

program  uses  the  data  corresponding  to  the  decimal  number  to  be 

isp  ayed  to  form  the  address  for  the  7-segment  table  look  up.  The 

corresponding  7-segment  code  for  the  character  is  then  sent  to  bits 

U  through  D6  of  output  port  00,  while  the  number  in  bits  DO  and 

of  output  port  01  determines  which  of  the  two  digits  is  to  be 
illuminated. 

Returning  now  to  the  8-digit  case  in  which  all  the  lines  of  output 
port  01  are  connected  to  the  corresponding  digit  select  lines  on  the 
consider  for  example  the  sequence  of  steps  required  to  light 
®  in  digit  6  of  the  display.  Initially  while  the  data  in  port  00  is 
•  GlnS  c^anged,  all  digit  displays  are  momentarily  blanked  by  send- 
^ng  an  FF  to  port  01  to  prevent  digit  smearing.  Next  the  "3"  is  used  to 
s°rm  the  proper  ROM  address  (0033  in  this  case),  and  its  contents  are 

wll  *°  OU*Pu*  Por*  00.  This,  a  01001111,  or  4F  in  hexadecimal  code, 
cause  segments  a,  b,  c,  d,  and  g  to  light  up  in  the  selected  digit. 

Producing  a  "3". 


p«gu 


a  »  Interfacing  a  multidigit  7-segment  LED  display  to  a 

▼  scannCrimPUter  system-  (a)  Non-scanned  8-digit  LED  display;  ( b ) 
dispig6  8'digit  LED  display;  (c)  minimum-hardware  scanned  8-digit 
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Hex 

A*Li*rs$ 

tuiecimal  code 

Instruction 

Label 

Mnemonic 

Instruction 

Comments 

Assume  2-digit  num- 

ber  to  be  d/s- 

COCO 

2600 

START: 

MVI 

H,#00 

played  is  in  A. 

a: 

47 

MOV 

B,A 

Save  A. 

03 

E60F 

ANI 

#0F 

Strip  away  MSH. 

03 

C630 

ADI 

#30 

Form  look-up  ad- 

07 

6F 

MOV 

L.A 

dress  for  DO 

06 

3EFF 

MVI 

A,#FF 

0A 

D301 

OUT 

#01 

j  Blank  all  digits. 

oc 

7E 

MOV 

A.M 

Look  up  7-seg- 

OD 

D300 

OUT 

#00 

merit  code 

OF 

3EFE 

MVI 

LL 

LL 

< 

1  T 

11 

D301 

OUT 

#01  J 

>  Turn  on  DO. 

13 

78 

MOV 

A,B 

Recall  original  num- 

14 

E6 

ANI 

#F0 

ber.  Strip  away 

LSH. 

16 

07 

RLC 

17 

07 

RLC 

Move  MSH  to  LSH 

18 

07 

RLC 

position. 

19 

07 

RLC 

1 A 

C630 

ADI 

#30 

1C 

6F 

MOV 

L,A 

. 

ID 

3EFF 

MVI 

A,#FF 

Blank  all  digits. 

IF 

D301 

OUT 

#01 

21 

7E 

MOV 

A,M  ' 

Look  up  7-segment 

22 

D300 

OUT 

#00 

code  for  D1. 

24 

3EFD 

MVI 

A,#FD  \ 

26 

D301 

OUT 

#01  / 

Turn  on  D1. 

28 

78 

MOV 

A,B 

29 

C30000 

4F 

JMP 

START 

0030 

3F065B 

07 

Decoder  Table 

34 

666D7D 

7  C 

38 

7F6777 

71 

3C 

395E79 

Figure  8.18  Software  for  use  with  digit  scan  hardware  of  Fig.  8.17c. 


To  select  digit  6,  a  10111111,  or  BF,  is  sent  to  output  port  01, 
ex  mguishing  all  digits  other  than  6  in  this  common  cathode  display, 
n  a  similar  fashion,  the  other  digits  in  the  display  are  illuminated  by 
simply  rotating  the  single  0  in  output  port  01  through  all  bit  positions 

le  rnT  l  y  presenting  the  information  to  be  displayed  at 

5°,  “'  S'nce  thls  sc™nin8  operation  takes  place  at  a  high  rate,  all 
digits  will  appear  to  be  simultaneously  lit. 


A  Software  UART 


mitter  fuART|S  C^a^.ter  universal  asynchronous  receiver-trans 
mitter  (UART)  was  introduced  and  was  shown  to  be  a  powerfu 
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device  for  minimizing  the  hardware  needed  to  permit  th„  ■  , 
transmission  and  reception  of  data.  The  •  •  al 

illustrates  how  this  UART  may  be  replaced  bv  m,8'™1  I”  Flg'  819 
program  given  duplicates  only  the  UART's  trimsmitV'T™6!.11’0 

similar  one  could  also  be  written  to  replace  the  rere  nctlon'  but  a 
uart  replace  the  receiver  portion  of  the 

As  shown,  when  a  character  is  to  be  transmitted,  the  computer 
first  sends  out  the  zero  start  bit,  delays  9.09  ms,  loads  the  word  to  be 
transmitted  into  the  accumulator,  and  then  sends  the  first  bit  to  a 
single-bit  output  port  for  transmission.  After  each  9  09-ms  delav 
successive  bits  are  rotated  into  the  least  significant  bit  (LSB)  position 
of  the  accumulator  and  sent  to  the  output  port  until  the  entire  word 
has  been  transmitted.  This  data  is  followed  by  two  9  09-ms  stop  bits 


Hexadecimal  code 

Mnemonic 

— - - 

Address 

Instruction 

Label 

Instruction 

Comments 

0040 

0608 

MVI 

B,#08 

Initialize  bit  count. 

42 

AF 

XRA 

A 

Clear  accumulator. 

43 

D3FF 

OUT 

#FF 

Transmit  start  bit. 

45 

CD6000 

CALL 

DELAY 

48 

79 

MOV 

A,C 

49 

D3FF 

NEX  BIT: 

OUT 

#FF 

Transmit  data. 

4B 

IF 

RAR 

4C 

05 

DOR 

B 

4D 

C24900 

JNZ 

NEX  BIT 

50 

3EFF 

MVI 

A,#FF 

52 

D3FF 

OUT 

#FF 

54 

CD6000 

CALL 

DELAY 

57 

CD6000 

CALL 

DELAY 

5A 

C9 

RET 

0060 

1 1 E502 

DELAY: 

LXI 

D,#02E5 

Load  D  with  02,  E  with  E5  or  245i0. 

63 

IB 

LOOP: 

DCX 

D 

64 

7B 

MOV 

A.E 

65 

B2 

ORA 

D 

•  Check  if  both  0. 

66 

C26300 

JNZ 

LOOP 

69 

C9 

RET 

(LSBon  data  bus) 


(a) 


Serial  data  out 


Pj  ( b ) 

hardv^J*’^  ^  software  UART:  program  and  flowchart,  (b) 
re  required  for  the  software  UART. 
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Hexadecimal  code  Mnemonic 


Address 

Instruction 

Label 

Instruction 

1010 

210088 

BEGIN: 

LXI  H,#8800 

13 

E5 

NEW  MAN: 

PUSH  H 

14 

CDF200 

CALL  CLR  SCRN 

17 

117010 

LXI  D,#1070 

1A 

El 

POP  H 

IB 

CD4710 

CALL  MAN 

IE 

CD9010 

CALL  DELAY 

21 

23 

LIN  CHK 

INX  H 

22 

7D 

MOV  A,L 

23 

FE40 

CPI  #40 

25 

C21010 

JNZ  BEGIN 

28 

E5 

PUSH  H 

29 

CDF200 

CALL  CLR  SCRN 

2C 

118010 

LXI  D,#1080 

2F 

El 

POP  H 

30 

CD4710 

CALL  MAN 

33 

CD9010 

CALL  DELAY 

36 

23 

INX  H 

37 

7D 

MOV  A,L 

38 

FE40 

CPI  #40 

3A 

C21310 

JNZ  NEWMAN 

3D 

C31010 

JMP  BEGIN 

0047 

0603 

MAN: 

MVI  B,#03 

49 

0E03 

NEX  LIN: 

MVI  C,#03 

4B 

1 A 

NEX  CHAR: 

LDAX  D 

4C 

77 

MOV  M,A 

4D 

13 

INX  D 

4E 

23 

INX  H 

4F 

0D 

DCR  C 

50 

C24810 

JNZ  NEX  CHAR 

53 

05 

DCR  B 

54 

C26410 

JNZ  FIX  L 

57 

7D 

MOV  A,L 

58 

D680 

SUI  #80 

5A 

6F 

MOV  L,A 

5B 

C9 

RET 

0064 

7D 

FIX  L: 

MOV  A,L 

65 

C63D 

ADI  #3D 

67 

6F 

MOV  L,A 

68 

C3491 0 

JMP  NEX  LIN 

0090 

01 FFFF 

DELAY: 

LXI  B,#FFFF 

93 

0B 

LOOP: 

DCX  B 

94 

79 

• 

MOV  A,C 

95 

B0 

ORA  B 

96 

C29310 

JNZ  LOOP 

99 

C9 

RET 

Comments 


See  Appendix,  p.  330. 
Initialize  MAN  1. 


Initialize  MAN  2. 


Row  count 

Line  character  count 


Move  to  start  of  next  line. 


Figure  8.20a  A  walking  man  display. 


Microprocessor  Application  to  Comes  211 

s“'  -* «-». 

rate  for  this  case  is  10  characters  per  second!™111  ^  transmisslon 

8.3  MICROPROCESSOR  CONTROL  OF  VIDEO  EFFECTS 

Probably  one  of  the  most  important  aspects  of  all  video  games  is  the 
manner  m  winch  v.deo  information  is  presented  on  the8  screen  for 
h.s  represents  the  principal  user-game  interface  medium.  Therefore 
e  qua  lty  variability,  and  types  of  images  displayed  will,  to  a  large 
extent  determine  the  overall  success  of  a  particular  game.  Here 
again  the  microprocessor's  innate  ability  to  store,  manipulate,  and 
control  the  presentation  of  data  make  it  a  prime  candidate  for  incor- 
poration  into  the  newer,  more  sophisticated  electronic  games. 

In  this  section  we  will  discuss  the  microprocessor's  role  in  gener¬ 
ating  various  types  of  video  effects.  Specifically  we  will  demonstrate 
ow  the  processor  may  be  utilized  to  simulate  motion  of  an  object  on 
the  screen,  to  produce  blinking  of  a  particular  object  in  order  to  draw 
attention  to  it,  to  rotate  an  object,  to  simulate  the  collision  of  an 
object  with  an  obstacle  or  projectile,  and  lastly  to  add  color  to  the 
display.  Throughout  this  section,  as  discussed  in  Sec.  1,  it  will  be 
assumed  that  the  display  interface  is  a  16-line  video  RAM  capable  of 
producing  64  characters  per  line.  Each  character  cell  will  be  consid¬ 
ered  to  be  made  up  of  a  6-dot  array  of  the  form  illustrated  in  Fig.  8.6. 

In  order  to  generate  motion  on  the  screen,  a  technique  quite 
similar  to  that  employed  in  motion  pictures  is  utilized.  Basically 
what  the  system  does  is  sequentially  present  a  series  of  still  pictures 
which  when  rapidly  flashed  in  succession  create  the  illusion  of 
motion  on  the  screen. 

The  program  given  in  Fig.  8.20a  illustrates  how  the  processor  may 
he  employed  to  create  the  appearance  of  motion  on  the  CRT — in  this 
case  generating  the  image  of  a  man  walking  across  the  screen.  To 


p* 

9Ur©  8.20b  Actual  construction  of  the  figures. 
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accomplish  this,  two  different  images  (Man  1  and  Man  2  in  Fie.  s  on 
b)  are  alternately  displayed  at  a  rate  determined  by  the  delay  subro 
tine.  Before  each  new  image  is  presented,  the  old  one  is  first  erased 
by  using  the  clear  screen  (CLR  SCRN)  subroutine,  which  loads  all 
video  RAM  locations  with  blanks  (hexadecimal  3F).  By  increment^ 
the  image  start  location  (stored  in  the  HL  register  pair),  each  new 
Man  image  presented  is  shifted  one  character  space  to  the  right  from 
the  last.  This  apparent  motion  continues  until  the  end  of  the  charac¬ 
ter  line  is  sensed,  at  which  point  the  HL  pair  is  reinitialized,  and  the 
Man  returns  to  walk  again,  starting  at  the  left  edge  of  the  screen. 

In  this  program  the  entire  screen  is  cleared  prior  to  the  generation 
of  each  new  image.  For  a  real  video  game  this  would  be  wasteful  of 
the  processor's  time  since  in  reality  all  of  the  fixed  objects  in  the 
scene  need  not  be  refreshed.  Therefore,  in  an  actual  system  only  the 
old  moving  objects  need  be  erased  and  replaced  by  their  updated 
counterparts. 

At  times  it  is  desirable  to  draw  attention  to  a  particular  object  on 
the  screen.  This  may  be  accomplished  either  by  blinking  the  object 
on  and  off  or  by  inverting  the  video  of  the  specific  object  (replacing 
white  by  black  and  vice  versa).  A  simple  program  for  blinking  a 
particular  object  on  the  screen  is  illustrated  in  Fig.  8.21.  Basically,  as 
shown  in  the  accompanying  flowchart,  the  program  operates  by 
alternately  displaying  the  object  followed  by  the  display  of  all  blanks 
in  the  object's  screen  area.  As  before,  in  this  example  the  blanking  is 
accomplished  by  filling  the  entire  video  RAM  with  blanks;  in  an 
actual  video  game  this  clearing  operation  would  have  to  be  restricted 
to  the  specific  portion  of  the  video  RAM  allocated  to  the  object.  For 
the  program  given,  the  time  delay  will  cause  the  object  to  blink  on 
and  off  at  about  a  1-Hz  rate. 

Another  way  to  draw  attention  to  a  particular  object  on  the  screen 
is  to  invert  its  video  image,  i.e.,  to  replace  the  dark  portions  of  the 
object  by  white  and  vice  versa.  To  accomplish  this  inversion  process, 
a  program  of  the  form  given  in  Fig.  8.22  is  required.  This  program  is 
essentially  the  same  as  the  blinking  display  program  just  discussed 
except  that  on  every  other  DISPLAY  REFRESH  pass  the  updated 
video  image  produced  contains  the  complement  of  the  pattern  previ¬ 
ously  displayed.  This  operation  is  carried  out  in  program  steps  1024 
through  102F  which  tests  the  condition  of  the  flag  bit  stored  at 
memory  location  1090. 

The  reader  should  note  that  in  this  program  only  the  video  infor 
mation  contained  in  the  object  portion  of  the  display  is  inverted, 
while  the  remainder  of  the  display  is  unchanged.  The  video  inver- 
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Hexadecimal  code 


Address 

1000 


Instruction 


CDF200 

CD9000 


Label 

START: 


Mnemonic 

Instruction 


CALL  CLRSCRN 
CALL  DELAY 
MVI  A, #00 
STA  #8805 
CALL  DELAY 
JMP  START 


Comments 

See  Appendix,  p  000 
See  Fig  8  20a. 

Put  box  on  screen 


Figure  8.21  Blinking  an  object  on  the  screen. 


(  Start  ^ 


sion  rate  for  the  time  delay  parameters  given  is  approximately  once 
per  second. 

One  of  the  more  involved  problems  encountered  in  generating 
sophisticated  video  displays  concerns  the  rotation  of  objects  for 
games  such  as  Tank  and  Space  War.  In  a  "brute-force"  solution  to 
this  problem,  the  patterns  corresponding  to  all  possible  object  orien¬ 
tations  could  be  stored  in  ROM,  and  then 
depending  on  the  particular  object  orienta¬ 
tion  required,  a  specific  pattern  read  from 
the  ROM.  Another  approach  would  be  to 
develop  the  algorithms  in  software  to  take  on 
a  single  object  pattern  and  then  transform  its 
coordinates  to  achieve  the  proper  object  ori¬ 
entation.  Both  of  these  approaches  are  costly 
in  terms  of  total  memory  requirements  and 
probably  represent  overkill  since  the  resolu¬ 
tion  requirements  for  electronic  games  are 
not  high  enough  to  justify  their  use.  Instead, 
a  simpler  approach  is  presented  below  in 
which  elements  from  each  of  the  aforemen¬ 
tioned  techniques  are  combined  to  provide  a 
program  which  is  compact  and  yet  provides 
the  capability  for  producing  the  eight  differ- 
ent  object  orientations  from  one  of  the  three 
stored  object  patterns  shown  in  Fig.  8.23.  For 


j 

Call 

CLRSCRN 

Call 

DELAY 

1 

r 

Display 

pattern 

1 

■ 

Call 

DELAY 

r 

Figure  8-21 


J  ^ j^UUVlllO  OllU  VVll  111  A  * - 

example,  to  produce  a  tank  oriented  with  its  cannon  pointing  to  t  e 
^est  instead  of  to  the  east,  the  image  must  simply  be  reflected  about 
e  vertical  axis.  In  software  this  means  that  the  column  information 

m^st  simply  be  read  out  in  reverse  order. 

To  create  the  image  of  a  tank  whose  cannon  points  toward  tne 
s°uthwest,  the  original  northeast  image  must  first  be  reflected  about 
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Hexadecimal  code 

Mnemonic 

Address 

Instruction 

Label 

Instruction 

Comments 

1000 

AF 

XRA 

A 

01 

329010 

STA 

#1090 

04 

216089 

START: 

LXI 

#8960 

07 

E5 

PUSH 

H 

08 

CDF200 

CALL 

CLR  SCRN 

See  Appendix,  p.  330. 

0B 

117010 

LXI 

D,#10  70 

0E 

El 

POP 

H 

OF 

CD2010 

CALL 

TANK 

12 

CD9000 

CALL 

DELAY 

See  Fig.  8.20a. 

15 

3A9010 

LDA 

#1090 

18 

2F 

CMA 

19 

329010 

STA 

#1090 

1C 

C30410 

JMP 

START 

1020 

0604 

TANK: 

MVI 

B,#04 

Row  count 

22 

0E06 

NEX  LIN: 

MVI 

C,#06 

Line  character  counter 

24 

3A9010 

NEX  CHAR: 

LDA 

#1090 

27 

B7 

ORA 

A 

Set  flags. 

28 

1 A 

LDAX 

D 

29 

CA2F10 

JZ 

NOCOMP 

Check  flag. 

2C 

2F 

CMA 

Inverts  video. 

2D 

E63F 

ANI 

#3F 

2F 

77 

NOCOMP: 

MOV 

M.A 

30 

13 

INX 

D 

31 

23 

INX 

H 

32 

0D 

DCR 

C 

33 

C22410 

JNZ 

NEX  CHAR 

36 

05 

DCR 

B 

37 

C23B10 

JNZ 

FIX  LIN 

3A 

C9 

RET 

3B 

7D 

FIX  LIN: 

MOV 

A.L 

3C 

C63A 

ADI 

#3A 

3E 

6F 

MOV 

L,A 

3F 

C32210 

JMP 

NEX  LIN 

Figure  8.22  Producing  an  object  on  the  screen  in  inverse  video. 


the  vertical  axis  and  then  about  the  horizontal  axis.  Thus  to  produce 
any  one  of  the  object  orientations  shown,  at  most  only  two  programs 
(one  for  the  vertical  and  one  for  the  horizontal  reflection)  need  be 
called. 

One  such  program  which  can  be  employed  to  produce  a  horizontal 
transformation  of  the  images  is  given  in  Fig.  8.24.  Basically  the 
program  operates  by  interchanging  the  data  contained  in  the  rows  of 
the  object  display.  Since  each  of  the  object  images  consists  of  four 
rows,  two  passes  through  the  subroutine  are  required  to  completely 
transform  the  image.  On  the  first  pass  the  data  contained  in  the  top 
and  bottom  rows  are  interchanged.  The  address  information  for  each 
of  these  rows  is  contained  in  the  HL  and  DE  register  pairs  respec¬ 
tively.  On  the  second  pass  (indicated  by  the  fact  that  the  carry  is  0), 
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the  data  found  in  the  two  inner  rnwc  ;c  ~  u 

program  to  produce  this  mirror  reflection  ohheT  '  entire 
horizontal  axis  requires  only  33  bvtes  of  rrm  a  ^  about  the 

"  r  sa  ss 

b'  "«■  when  oni  .on.id.w 

game  set  might  employ  10  or  20  different  objects,  the  utility  of  thlse 
transformation  techniques  becomes  apparent  ‘ 

Many  electronic  games  involve  the  collision  of  projectiles  with 
objects  and  also  objects  with  objects,  and  it  is  therefore  necessary  to 
have  a  technique  available  for  detecting  collisions.  In  terms  of  soft¬ 
ware  requirements,  it  is  relatively  easy  to  determine  when  a  collision 
has  occurred.  Whenever  a  portion  of  the  projectile  image  and  the 
o  ject  image  occupy  the  same  location  in  the  video  RAM,  a  collision 
has  taken  place.  The  program  given  in  Fig.  8.25  provides  a  simple 
demonstration  of  how  a  collision  may  be  detected  by  software.  Here, 
when  the  program  is  run,  a  target  is  displayed  at  the  center  of  the 
screen  at  address  8820,  and  a  projectile  is  launched  at  the  target  from 


F»9ure  8.23 


Rotated  tank  ROM  patterns. 
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Hexadecimal  code  Mnemonic 


Address 

Instruction 

Label 

Instruction 

Comments 

1080 

37 

SUB  HOR: 

STC 

Set  carry  to  1 . 

81 

216089 

LXI 

H,  #8960 

Upper  row  address 

84 

11208A 

• 

LXI 

D,#8A20 

Lower  row  address 

87 

0E06 

NEX  ROW: 

MVI 

C,#06 

89 

7E 

XCHG: 

MOV 

A,M 

8A 

EB 

XCHG 

8B 

46 

MOV 

B,M 

8C 

77 

MOV 

M,A 

8D 

EB 

XCHG 

8E 

70 

MOV 

M,B 

8F 

23 

INX 

H 

90 

13 

INX 

D 

91 

0D 

DCR 

C 

1  Check  for  row  switch 

92 

C28910 

JNZ 

XCHG 

J  completed. 

95 

3F 

CMC 

96 

D8 

RC 

Returns  on  2d  pass. 

97 

7  D 

MOV 

A.L 

98 

C63A 

ADI 

#3A 

9A 

7B 

MOV 

A,E 

9B 

D646 

SUI 

#46 

9D 

5F 

MOV 

E,A 

9E 

C38610 

JMP 

NEX  ROW 

Figure  8.24  A  horizontal  reflection  subroutine  for  pattern  inversion. 

the  left.  In  this  case  both  the  projectile  and  target  are  represented  by 
the  same  symbol — a  rectangular  box  (video  RAM  code  00);  of  course, 
in  an  actual  game  they  could  be  represented  by  any  type  of  video 
display.  The  projectile  moves  toward  the  target  at  a  rate  determined 
by  the  DELAY  subroutine.  In  this  particular  program  the  projectile 
advances  toward  the  target  at  a  rate  of  about  6  mm/s  (V4  in/s). 

In  each  REFRESH  cycle,  as  with  the  previous  programs  discussed, 
the  screen  is  cleared,  and  the  new  target  and  projectile  locations 
displayed.  At  this  point  a  check  is  made  to  see  if  a  collision  has 
occurred.  To  do  this,  the  contents  of  the  HL  and  DE  register  pairs  are 
compared.  Since  these  registers  contain  the  object  and  target  screen 
position  locations  respectively,  if  a  match  exists  then  the  projectile 
has  hit  the  target.  To  indicate  this  fact,  at  this  point  the  projectile 
disappears  from  the  screen  and  the  object  begins  to  blink  at  about  a 
1-Hz  rate,  signifying  that  it  has  been  hit.  In  a  more  sophisticated 
program  this  portion  of  the  routine  could  be  replaced  by  one  calling 
forth  a  sound-generation  program  for  an  explosion  as  well  as  a 
sequential  video  update  routine  showing  the  object  flying  apart  as  a 
result  of  the  hit. 

Thus  far  all  of  the  video  effects  discussed  have  centered  around  the 
generation  of  black-and-white  images;  however,  as  we  all  know,  the 
effect  of  adding  color  to  a  video  game,  or  for  that  matter  to  any  video 
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display,  dramatically  increases  spectator  (or  plaver)  interest  In  the 
remainder  of  this  section,  we  will  discuss  one  particularly  simple 
approach  for  adding  color  to  a  video  RAM  system. 

As  discussed  in  Chap  2,  in  order  to  form  a  complete  color  TV 
signal,  color  information  ( chromiance )  is  added  to  the  standard  black 
and  white  ( luminance )  information  in  the  form  of  a  phase-modulated 
signal  centered  about  a  3.58-MHz  carrier.  The  phase  of  this  signal  is 
compared  with  that  of  a  reference  sine  wave  transmitted  on  the  back 
porch  of  the  horizontal  synchronization  pulses.  This  8-cycle  3.58- 
MHz  burst  is  removed  from  the  sync  pulse  by  the  receiver  and  used 
to  phase-lock  the  local  3.58-MHz  oscillator  in  the  receiver.  The  rela¬ 
tionship  between  the  phase  difference  of  the  incoming  chromiance 
signal  and  the  corresponding  color  produced  on  the  screen  is  given 
in  Table  8.1.  The  last  column  in  the  table  indicates  the  approximate 
time  delay  which  is  needed  between  the  burst  reference  sine  wave 
and  the  chromiance  signal  in  order  to  produce  these  different  colors. 
Thus,  for  example,  in  order  to  create  a  red  color  on  a  particular  area  of 
the  screen,  the  chromiance  color  signal  generated  during  that  portion 


Hexadecimal  code  Mnemonic 


Address 

Instruction 

Label 

Instruction 

1 

Comments 

1000 

112088 

LXI  D,#8820 

Initialize  target  location. 

03 

210088 

LXI  H,#8800 

Initialize  projectile  location. 

06 

E5 

START: 

PUSH  H 

1 

07 

CDF200 

CALL  CLRSCRN 

See  Appendix,  p  330 

0A 

El 

POP  H 

l 

OB 

3EOO 

NEX  MOV: 

MVI  A,  #00 

I 

0D 

77 

MOV  M,A 

Place  target  and 

0E 

EB 

XCHG 

projectile  on  screen 

OF 

77 

MOV  M,A 

| 

10 

EB 

XCHG 

7D 

MOV  A,L 

12 

BB 

CMP  E 

| 

13 

C22910 

JNZ  OK 

Check  for  collision. 

16 

7C 

MOV  A,H 

17 

BA 

CMP  D 

i 

18 

C22910 

JNZ  OK 

j 

IB 

| 

3E3F 

MVI  A.#3F 

If  here,  collision  has 

I 

77 

BLINK: 

MOV  M.A 

occurred 

1E 

E5 

PUSH  PSW 

1 

IF 

CD3010 

CALL  DELAY 

i 

*-c 

i 

FI 

POP  PSW 

1 

<-o 

2F 

CMA 

24 

E63F 

ANI  #3F 

29 

C31D10 

JMP  BLINK 

2A 

23 

OK: 

INX  H 

j 

;  1020 

CO3010 

CALL  DELAY 

1 

C30610 

JMP  START 

1 

Pi9ur©  8.25  r 

1  ar9et  collision  program. 
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TABLE  8.1  RELATIONSHIP  BETWEEN  CHROMIANCE  PHASE 
DELAY  AND  THE  RESULTING  SCREEN  COLOR  PRODUCED 


Color 

Approximate  phase 
delay  from 
reference,  deg 

Approximate  time 
delay,  ns 

Burst 

0 

0 

Yellow 

15 

12 

Red 

75 

58 

Magenta 

135 

105 

Blue 

195 

151 

Cyan 

255 

198 

Green 

315 

244 

SOURCE:  Don  Lancaster,  TV  Typewriter  Cookbook,  H.  W.  Sams,  1976,  p.  205. 


of  the  video  display  is  simply  a  replica  of  the  3.58-MHz  color  refer¬ 
ence  delayed  by  58  ns  in  time. 

The  circuit  given  in  Fig.  8.26  illustrates  that  the  chromiance  sig¬ 
nals  associated  with  various  colors  may  be  simply  obtained  by 
passing  the  3.58-MHz  color  reference  through  a  series  of  CMOS  4050 
buffer  gates  since  these  each  typically  have  internal  propagation 
delays  on  the  order  of  40  ns.  If  necessary  to  fine-tune  the  colors, 
additional  delays  can  be  obtained  by  adding  small  resistors  in  series 


3.58-MHz 

color 

reference 


(6)  CD4050  buffer  gates 


Yellow 


Reference 


Horiz.  sync>- 

r 


Word 

output  from 
video  RAM 


Bit  6  >- 
Bit  7  > 


Bits  0-5: 


Red 


-TL 


Magenta 

Blue 


Cyan 


Green 


White 


0 

1 

2 

3 

Inhibit 

CD4051 

1 

-out-of-4 

Select 

multiplexer 

lines 

1 


Out 


Chromiance 


Luminance 
Sync  > - 


Composite 
-video  out 


I  3.58-MHz 
reference 


Figure  8.26  Adding  color  to  a  video  display  .(Adapted  from  Don  Lancaster, 
TV  Typewriter  Cookbook,  H.  W.  Sams,  1976,  p.206.) 
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with  each  input  gate.  Although  the  circuit  indicates  that  a  total  of 
seven  different  colors  are  available,  for  most  video  games  only  the 
four  principal  colors,  red,  blue,  green,  and  white,  are  employed  In 
this  way  the  selection  of  a  particular  color  on  the  screen  may  be 
achieved  by  adding  only  two  color  control  bits  to  each  video  RAM 
cell,  increasing  its  word  size  to  8  bits.  The  lower  portion  of  Fig  8  26 
indicates  how  these  bits  are  used  to  control  the  selection  of  a  particu¬ 
lar  color  for  the  cell.  Note  that  a  zero  chromiance  signal  produces  a 
white  image  as  long  as  a  nonzero  luminance  signal  is  present 


8.4  SOUND  EFFECTS 


The  addition  of  sound  effects  to  an  electronic  game  dramatically 
increases  the  realism  of  the  game  and  greatly  enhances  player  inter¬ 
est  and  enjoyment.  In  microprocessor-based  games  three  different 
techniques  are  employed  for  generating  these  sound  effects:  wave¬ 
form  creation  through  the  use  of  a  specific  algorithm,  waveform 
creation  through  the  use  of  a  look-up  table,  and  lastly  sound  genera¬ 
tion  by  using  the  processor  to  control  an  external  sound-effects 
creation  circuit.  An  example  of  each  of  these  approaches  is  given 


n  Chap.  4  the  authors  discussed  the  fundamentals  of  sound 
generation  and  indicated  that  white-noise  sources  were  particularly 

si 6  l  '^°r  crea^ri§  many  familiar  sounds.  Generally  this  type  of 
^§na  is  produced  by  reverse-biasing  a  diode  or  transistor  junction 
^ear  its  breakdown  region;  however,  this  type  of  signal  source  is  at 

indic5011^6^3*  unre*iab*e-  One  digital  alternative  to  this  approach  is 
a  p1Cf- 6  *n  ^-27a,  in  which  a  large  shift  register  is  connected  to 
Se  1CU^ar  ^eedback  network  in  order  to  produce  a  pseudorandom 
shift6006  Pu^ses  at  the  output.  The  circuit  shown  is  that  of  a  16-bit 
everv(Ss1Ster  conhguration  producing  a  sequence  which  repeats  itself 
Fig  8  27h^  Pnlses.  A  small  portion  of  this  sequence  is  given  in 

ware  ru  same  circuit  can,  however,  be  duplicated  in  soft- 

achiev'  6  Pro8ram  given  in  Fig.  8.28  illustrates  one  method  of 
In  ™is  duplication. 

the  Iqp  Program  an  equivalent  16-bit  shift  register  is  formed  from 
'^Plerrie^15*^  Pa*r'  an<^  the  exclusive-OR  feedback  algorithm  is 
dCcUrnulat0^.  •  ^  temporarily  transferring  the  H  and  L  registers  to  the 
^°ns  or\  th  m  °rc*er  t°  carry  out  the  required  exclusive-OR  opera- 
Sofhvare  re6  Various  bits  in  the  HL  pair.  A  careful  examination  of  the 
^  ip  that  it  operates  by  "exclusive-ORing"  bits  15, 14, 12, 
°atained  bei  e  ecluivalent  16-bit  register,  with  the  final  answer 
ln8  entered  in  the  b0  side  of  the  register  as  each  shifting 
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i 

Output 


(a) 


nm 

Shift  register  bit  values 

bis 

bu 

bi3 

bi2 

ED 

bio 

b9 

bs 

b7 

ES 

b5 

b4 

m 

b  2 

Q 

m 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

i 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

3 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

4 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

5 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

0 

6 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

0 

0 

7 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

0 

0 

0 

8 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

0 

0 

0 

1 

9 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

0 

0 

0 

1 

0 

65,791 

(b) 

Figure  8.27  Generating  digital  white  noise,  (a)  Shift  register  configuration 
to  produce  digital  white  noise;  ( b )  partial  output  listing  for  the  N  -  16 
pseudorandom  sequence  generator  in  (a). 

(DAD  D)  operation  is  carried  out.  One  interesting  feature  of  this 
particular  program  is  that  it  doesn't  use  any  ports  to  output  the 
generated  information.  Instead,  it  makes  use  of  the  interrupt  enable 
(INTE)  status  signal  from  the  processor  as  an  output  control  line.  This 
eliminates  the  extra  latch  required  to  store  the  data  if  a  port  approach 
is  adopted.  When  the  HL  pair's  most  significant  bit  is  1,  interrupts 
are  enabled;  they  are  reset  when  it  is  0.  This  signal  is  then  coupled  to 
an  amplifier  which  is  used  to  create  the  actual  audio  output. 

For  generating  more  complex  waveforms,  a  different  approach  is 
required.  For  instance,  if  a  sine-wave  audio  signal  is  needed,  the 
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^ 

approach.  The  program  given  in  Fig.  8.29  illuLraTe^hLThis'mwbe 

”«*  «—  S 

ROM  corresponding  to  the  sine  wav™  Y  T  ?“  "Se  the  data  in 

output  port.  If  a  D/A  converter  is  connect!?/ toThe  output^o, rtthe 
ongmal  sine  waveform  will  be  re-created  at  this  output 

is  par  leular  waveform  generator  uses  48  data  points;  however 

tjzz  ih, ;rr  -r-; 

T,p“  “”“8h  pi™  ”  "  m™ 

fmn  ♦  Y  complete  on  sine-wave  output  display.  For  an 

S  :  USmS  %2;MHZ  Cl0Ck  thiS  results  in  the  generation  of  a 

770-Hz  sine  wave  Of  course,  to  produce  sine  waves  having  lower 
frequences,  srmple  delays  may  be  added  to  the  main  program  loop 
owever,  to  increase  the  repetition  frequency  beyond  700  Hz,  either 
a  faster  processor  or  fewer  data  points  would  be  required. 


Hexadecimal  code 


Address 


Mnemonic 


1040 

43 

46 

47 

49 
4A 
4D 
4E 
4F 

50 

51 

52 

53 

54 

55 

56 

57 

58 
5A 
5B 
5C 
5D 


Instruction 


Label 


110000 

210100 

7C 

E6 

FB 

C24E10 

F3 

OF 

AC 

OF 

OF 

AC 

OF 

AC 

OF 

OF 

OF 

E601 

29 

5F 

19 

C34610 


LOOP: 


SKIP: 


Instruction 


Comments 


LXI 

LXI 

MOV 

ANI 

El 

JNZ 

Dl 

RRC 

XRA 

RRC 

RRC 

XRA 

RRC 

XRA 

RRC 

RRC 

RRC 

ANI 

DAD 


D,#0000 

H,#0001 

A,H 

#01 

SKIP 


H 


H 


#01 

H 


MOV  E,H 
DAD  D 
JMP  LOOP 


tor  ir^snff8  ^imu,atin9  a  pseudorandom  (white-noise)  sequence  genera¬ 
te  ••  pWare-  (Adapted  from  a  program  by  H.  Chamberlain,  “Computer 
opular  Electronics,  September  1976,  p.  116.) 
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Hexadecimal  code 

Mnemonic 

Comments 

Address 

Instruction 

Label 

Instruction 

0000 

210001 

START: 

LXI  H,#0100 

Initialize  to  first  address 

03 

7E 

NEX  WORD: 

MOV  A,M 

in  table. 

04 

D3FF 

OUT  #FF 

06 

23 

INX  H 

07 

7  D 

MOV  A,L  ) 

Check  for  last  address 

08 

FE3F 

CPI  #3F  1 

in  table. 

0A 

C20300 

JNZ  NEXWORD 

0D 

C30000 

JMP  START 

0100 

808C99 

A5 

Sine- wave  table 

04 

B1  BCC7 

D1 

08 

DAE3EA 

FI 

0B 

F6FAFD 

FF 

10 

FFFFFD 

FA 

14 

F6F1EA 

E3 

18 

DAD1C7 

BC 

IB 

B1A599 

8C 

20 

807467 

5B 

24 

4F4439 

2F 

28 

261D16 

OF 

2B 

OA0603 

01 

30 

010103 

06 

34 

0A0F16 

ID 

38 

262F39 

44 

3B 

4F5B67 

74 

Figure  8.29  Waveform  generation  via  table  look-up  methods. 


In  some  instances  tying  up  the  processor  in  the  minute  details  of 
the  waveform  generation  process  may  place  such  a  burden  on  the 
device  that  it  does  not  have  sufficient  time  to  carry  out  its  chores  in 
the  other  parts  of  the  game.  In  addition,  certain  sounds  can  be 
generated  more  economically  in  hardware  than  in  software.  In  fact, 
several  special-purpose  complex  sound  generation  ICs  of  the  form 
illustrated  in  Fig.  8.30  are  already  available.  Here  in  a  single  IC  we 
find  a  white-noise  generator,  a  voltage-controlled  oscillator  (VCO), 
and  an  envelope  generator  for  controlling  the  attack  and  decay  of  the 
signal  generated  as  well  as  its  overall  amplitude.  Most  important  of 
all,  these  parameters  of  the  signal  generated  can  all  be  varied  from  a 
set  of  external  digital  controls.  Thus,  by  combining  this  type  of  IC 
with  the  microcomputer,  the  overall  system  can  be  made  capable  of 
inexpensively  generating  a  wide  variety  of  sophisticated  sounds 
under  complete  processor  control,  and,  since  the  control  signals  do 
not  have  to  be  varied  that  frequently,  the  processor  remains  free  to 
accomplish  its  other  tasks. 

One  example  of  this  approach  is  given  in  Fig.  8.31,  in  which  the 
microprocessor  is  being  used  to  gate  one  of  several  signals  into  an 


VCO  t  XTI  HNAL  PITCH 

Sl  l.t  CT  VCO  CON T MOL  CONVMOl. 
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Multiplexer 

(a) 


Hexadecimal  code 

Mnemonic 

Address 

Instruction 

Label 

Instruction 

Comments 

1000 

AF 

HIT: 

XRA 

A 

01 

11 _ 

LXI 

D,# — 

Load  10  ms  delay  time. 

04 

D3FF 

OUT 

#FF 

06 

CD1710 

CALL 

DELAY 

09 

C9 

RET 

100B 

3E01 

MISS: 

MVI 

A,  #01 

0D 

11 

LXI 

D,# — 

Load  300  ms  delay  time. 

10 

D3FF 

OUT 

#FF 

12 

CD1710 

CALL 

DELAY 

15 

C9 

RET 

1017 

10 

DELAY: 

DCR 

E 

18 

C21710 

JNZ 

DELAY 

IB 

15 

DCR 

D 

1C 

C21710 

JNZ 

DELAY 

IF 

C9 

RET 

J 

(b) 


(c) 
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audio  amplifier.  By  sending  a  00  to  output  port  FF,  the  multiplexer 
gates  the  100-Hz  oscillator  into  the  audio  amplifier.  The  presence  of  a 
01  connects  the  300-Hz  signal,  while  a  02  results  in  an  extinguishing 
of  all  sound.  While  the  audio  tones  in  the  figure  are  generated  by 
separate  oscillator  circuits,  there  is  no  reason  why  these  signals 

couldn  t  be  derived  from  part  of  the  horizontal  and  vertical  timing 
signals. 

The  program  given  in  Fig.  8.31b  is  used  to  control  the  audio 
amplifier  sounds  produced  in  Fig.  8.31a.  When  the  HIT  subroutine  is 
called,  the  300-Hz  signal  is  gated  into  the  audio  amplifier  for  8  to  10 
ms  and  produces  a  sound  similar  to  that  found  in  Pong-style  paddle 
games  when  the  ball  strikes  either  the  paddle  or  one  of  the  walls. 
When  the  player  misses  the  ball  and  the  ball  goes  off  the  screen,  the 
MISS  portion  of  the  program  is  called.  In  this  routine  the  processor 
gates  the  100-Hz  oscillator  into  the  amplifier  for  a  much  longer  time 
period  on  the  order  of  300  ms.  This  long  low-frequency  tone  burst 
generates  a  hornlike  sound  which,  being  completely  different  from 
the  HIT  sound,  is  used  to  signal  the  player  that  something  has  gone 
wrong.  If  the  processor  s  time  is  too  valuable  to  be  spent  waiting  for 
the  software  loop  to  "time-out,"  a  hardware  one-shot  may  be  added 
to  the  external  electronics  to  control  the  duration  of  the  tones  gener¬ 
ated  (Fig.  8.31c).  When  configured  in  this  manner,  the  processor 
only  needs  to  emit  a  single  control  pulse  in  order  to  initiate  the  entire 
sound-generation  sequence. 


War J6  Microprocessor  control  of  external  sound-generation  hard- 

subr  ■  Processor  control  of  an  external  sound-generation  circuit;  { b ) 
t0  °utines  *or  controlling  circuit  given  in  (a);  (c)additional  circuitry  added 
Und  9er*erator  to  reduce  Drocessor  idle  time. 


c  ^°ln*ec^  ou*  *n  Chap.  1,  games,  whether  electronic  or  live,  have 
ele  am  S^ec^c  Parameters  which  make  them  attractive  to  us.  The 
kee^61^  uncertainty/  the  chance  to  win,  knowledge  of  the  rules, 
Plng  the  score — all  of  these  factors  are  essential  to  maintain 

inst  nmtereSt-  electronics  professional  involved  in  designing, 
st  ,m8'  0r  maintaining  electronic  games  should  have  some  under- 
devot^8  tllese  §ame  parameters,  and  this  chapter  is  therefore 

e  to  the  nature  of  these  characteristic  game  elements.  _ ^ 

skjjj  ectror,ic  games  can  be  broadly  divided  into  games  of  physical 
§arnes  of  mental  skill,  games  of  chance,  and  educational  games^ 
examples  of  popular  electronic  games  in  each  cate- 
tamir  6  rea<der  can  compare  them  to  their  live  versions  and  become 

essential  parameters  of  each  type  of  game.  Each 
detail  aS  manY  common  features;  these  are  discussed  in  some 
catep^  a  ter  w^ich  a  summary  of  the  key  electronic  features  in  each 
egory  is  given. 


9.1 

In 


games 


thi 


°F  PHYSICAL  SKILL 


■ - 


vased  ^ateS«ry  we  consider  all  those  electronic  games  whic^  fT 
'  ^marily  on  coordination  between  eyes  and  hands,  on  quuk 
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reflexes,  on  nimble  fingers — in  short,  on  physical  skill.  Most  of  these 
games  are  based  on  three-dimensional  "live"  games  in  which  the 
players  move  around  a  lot  and  are  occasionally  injured  during  the 
course  of  the  game.  The  electronic  versions  of  these  games  are  played 
in  two  dimensions,  and  the  players  move  only  their  hands — jn 
comfort  and  safety. 

Electronic  games  of  physical  skill  can  be  conveniently  divided  into 
ball.games,  war  games,  and  racing  games.  Electronic  versions  of  such 
popular  ball  games  as  tennis,  hockey,  soccer,  squash,  basketball, 
bowling,  volleyball,  baseball,  football,  and  handball  are  available  in 
both  microprocessor-based  and  dedicated-logic  TV  and  arcade 
games.  There  are  also  some  electronic  ball  games,  such  as  Grid  Ball 
and  Pong,  for  which  there  is  no  exact  live  analog.  War  games  include 
a  variety  of  tank  battle,  aerial  dogfight,  missile  attack,  submarine 
hunt,  and  other  games  which  simulate  some  aspect  of  the  live  action. 
Target  shooting  is  certainly  a  game  of  physical  skill,  and  although  it 
differs  somewhat  from  the  other  war  games,  it  will  be  considered  in 
this  category.  Most  racing  games  involve  cars,  motorcycles,  or  some 
other  vehicles,  but  there  are  some  racing  games  that  simulate  horse¬ 
racing.  Depending  on  the  particular  version  of  the  game,  horseracing 
could  also  be  considered  a  game  of  chance,  as  in  its  live  version. 


Tennis 

Figure  9.1  shows  the  screen  display  for  one  of  the  most  widely  used 
tennis  games.  In  this  game  the  "rackets"  can  move  anywhere  on  a 
given  player's  side  of  the  net,  and  a  number  of  options  for  the  ball's 


Figure  9.1  Screen  display  for  Tennis 
(General  Instruments). 


Electronic  Game  Parameters  229 


Figure  9.2  Screen  display  for  Battle  (General 
Instruments). 


trajectory  are  available.  The  length  of  the  racket  is  electronically 
divided  into  two  or  four  parts,  and  the  angle  at  which  the  ball  leaves 
the  racket  depends  on  the  portion  it  has  contacted.  This  allows  either 
two  or  four  different  angles.  Each  miss  results  in  a  point  scored  by 
the  opponent,  and  15  is  the  winning  score. 

In  contrast  to  live  tennis,  the  ball  always  goes  over  the  net  in 
electronic  versions.  If  the  ball  reaches  the  top  or  bottom  boundaries, 
it  is  reflected  at  the  same  angle,  and  the  game  continues.  Where 
sound  is  provided,  there  is  usually  a  brief  click  when  the  ball  touches 
the  racket  or  the  boundaries  and  a  different  sound  to  indicate 
changes  in  the  score.  Different  versions  of  this  game  contain  black, 
white,  grey,  or  selected  colors  for  the  field,  the  boundaries,  the  net, 
and  the  opposing  player's  racket.  Some  versions  do  not  have  hori¬ 
zontal  motion  of  the  racket,  some  permit  the  use  of  different  racket 
lengths,  and  some  have  a  special  push  button  on  the  racket  control 
that  permits  the  player  to  select  a  curved  trajectory  as  the  ball  is 

contacted.  This  latter  feature  is  often  called  the  English  or  slam 
button. 

War 

^he  game  Battle  is  typical  of  many  different  war  games  such  as  Tank 
th9l^are'  Combat  Squares,  Desert  Fox,  etc.  As  illustrated  in  Fig.  9.2, 
andSCreen  disPlays  the  two  opposing  tanks  and  a  series  of  obstacles 
ca  rrdries-  Each  player  controls  the  motion  of  a  tank  and  aims  its 
*non  bY  rotating  the  tank  in  the  desired  direction.  The  obstacles 
e  as  shields  from  enemy  tank  shells,  but  they  can  also  be  haz- 
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ards.  If  a  tank  collides  with  an  obstacle,  it  is  disabled  for  a  short  time 
and  must  reverse  to  get  clear  again.  If  a  tank  collides  with  a  mine,  an 
explosion  is  simulated,  the  tank  is  disabled  for  a  fixed  time,  and  a  hit 
is  scored  for  the  opponent.  While  the  number  of  shells  that  can  be 
fired  is  not  limited,  the  rate  of  firing  is.  The  range  of  a  shell  is  about 
two-thirds  of  the  width  of  the  screen.  When  a  tank  is  hit  by  an 
opponent's  shell,  an  explosion  is  simulated,  and  the  score  is 

Intone  version  of  this  game  it  is  possible  to  direct  the  shell  m  a 
curved  path  by  rotating  the  tank  as  the  shell  is  fired.  The  winning 
score  in  that  version  of  the  game  is  31,  but  scoring  varies  with 
different  games.  Some  games  use  more  than  two  tanks  and  more 
than  two  players.  Some  games  do  not  use  mines,  and  in  some  a  tank, 
once  hit  by  a  shell,  is  out  of  the  game.  Some  games  show  shell-burst 
patterns,  some  show  tank  explosions  only,  and  some  show  different 
colors  of  explosion  patterns  depending  on  the  color  of  the  tank. 
Sound  effects  range  from  highly  realistic  battlefield  noises,  with 
different  sounds  for  different  tank  speeds,  collisions,  explosions,  and 
shell  firing,  to  much  less  complex  sounds  in  the  simpler  games. 


Roadrace 

This  TV  racing  game  is  typical  of  those  called  Indy  500,  Freeway, 
Dragstrip,  etc.,  and  appears  on  the  screen  as  illustrated  in  Fig.  9.3. 
The  illusion  of  motion  is  created  by  other  cars  moving  downward 
while  the  two  player-controlled  cars  are  stationary  near  the  bottom  of 
the  screen.  The  player  controls  the  horizontal  motion  of  the  car  to 


Figure  9.3  Screen  display  for  Roadrace  (General 
Instruments).  * 
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avoid  colliding  with  other  cars  and  with  the  side  rails.  When  a  player 
speeds  up,  the  slower  cars  in  his  or  her  portion  of  the  roadway  seem 
to  appr°ach  as  the  player_c°ntrolled  car  goes  faster.  A  collision 
changes  the  score  and,  in  most  games,  results  in  slowing  down  the 
player's  car.  In  some  versions  of  this  game,  a  collision  stops  the 
game,  and  the  score  is  displayed.  In  other  versions,  the  score  is 
continuously  displayed,  or  else  the  elapsed  time  and  the  number  of 
collisions  are  displayed. 

In  one  variation  of  this  game,  a  complex  racecourse  is  displayed  on 
the  screen,  and  each  player  steers  a  car  through  it.  Scoring  is  based 
on  the  number  of  laps  completed  and  on  the  number  of  collisions. 
Scoring  varies  greatly  with  each  version  of  this  game,  as  do  the 
symbols  for  the  vehicles  and  the  controls  used  for  steering  them. 
Sound  effects  range  from  simulated  engine  noises,  varying  with 
vehicle  speed,  and  realistic  crashes  to  simple  buzzes  and  clicks. 

Common  Features 

~  \ 

In  all  games  of  physical  skill  the  players  control  the  motion  of  objects 
assigned  to  them  in  order  to  either  contact  or  avoid  contact  with 
other  objects  on  the  screen.  In  the  ball  games  the  contact  is  between 
the  ball  and  the  player's  racket,  bat,  stick,  etc.  Each  player  tries  to 
affect  the  trajectory  of  the  ball  so  as  to  make  it  difficult  for  an 
opponent  to  do  the  same. 

In  war  games  the  players  also  control  an  object,  whether  tank, 
missile,  or  airplane,  and  the  idea  is  again  to  either  contact  or  avoid 
contact  with  other  objects  on  the  screen.  Instead  of  a  ball,  shells  or 
missiles  are  launched,  and  instead  of  being  returned,  the  tank, 
missile,  or  airplane  is  damaged  or  destroyed. 

All  of  the  racing  games  emphasize  the  possibility  of  contact 
ctween  the  player's  car,  motorcycle,  etc.,  and  another  vehicle  or  the 
guard  rail.  Contact  results  in  a  change  in  score  in  all  these  games.  In 
°f  them  there  are  clearly  defined  boundaries  and  clearly  defined 
In  ^  ^  eacb  case  a  violation  of  the  rules  results  in  a  change  of  score. 

^ach  case  the  player  with  the  best  score  wins. 
pIa  most  all  of  the  games  of  skill  are  intended  for  two  or  four 

moderS'  but  most  of  them  also  have  a  Practice'  automatic'  or  robot 

which  one  player  effectively  plays  against  the  machine.  , 

E|ectronic  Functions 

8.ames  of  physical  skill  involve  motion  of  various  objects  on 
c°ntactP  ay'.and  scores  change  as  these  moving  objects  appear  to 
0r  miss  each  other.  Electronic  circuits  or  programs  are  there- 
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fore  required  to  generate  this  motion  in  response  to  plaver 
and  to  detect  contact.  Chapter  3  describes  some  basic  circuiT^8 
perform  these  functions,  and  typical  programs  to  generate  tnf  ^ 
ries  and  detect  contact  between  objects  are  discussed  in  ChT^0' 
Circuits  are  also  required  to  translate  the  action  of  the  player  cont  ?’ 
into  suitable  control  signals  for  the  game  selected.  Sound  effects  ^ 
be  an  important  feature  in  games  of  physical  skill  because  they  add 
to  the  realism  of  the  particular  game.  As  a  result,  some  games 
particularly  the  coin-operated  types,  contain  elaborate  audio  sec¬ 
tions,  including  magnetic  tape  decks.  Scorekeeping  and  display  also 
vary  for  different  games,  but  changes  in  this  area  usually  only 
require  presetting  the  scorekeeping  counters  differently  for  each  type 
of  game  selected.  Finally,  those  games  that  feature  a  practice,  auto¬ 
matic,  or  robot  mode  must,  of  course,  have  a  program  or  special  logic 
circuits  for  that  purpose. 

9^2  GAMES  OF  MENTAL  SKILL 

•  It  can  be  argued  that  all  games  require  some  mental  skill,  but  there  is 

j  clearly  one  category  of  games  in  which  mental  skill  alone  determines 
the  winner.  Educational  games,  discussed  in  Sec.  9.4,  are  based 
primarily  on  factual  knowledge  and  are  intended  to  promote  learning 
rather  than  logical  reasoning.  Games  of  mental  skill,  such  as  chess, 
checkers,  scrabble,  and  backgammon,  are  well  known,  and  their 
electronic  versions  usually  use  the  same  game  parameters,  with  the 
electronics  acting  as  one  of  the  players.  In  Chap.  11  we  describe 
Chess  Challenger  and  Code  Name:  Sector,  both  electronic  board 
games.  Two  popular  TV  games  which  depend  only  on  mental  skill 
are  discussed  below  as  examples  of  the  game  parameters  and  key 
electronic  functions  of  this  category  of  games. 

^  Nim 

This  ancient  game,  which  presumably  originated  in  the  Orient,  is 
deceptively  simple.  It  can  be  played  with  sticks,  straws,  beads,  or 
any  kind  of  object.  In  the  two-person  live  variety,  there  are  several 
piles  of  objects,  and  each  player,  in  turn,  takes  any  number  of  objects 
out  of  one  of  the  piles.  The  player  who  removes  the  last  object  wins- 
In  the  electronic  version  of  this  game,  as  illustrated  in  Fig.  9.4,  each 
pile  is  indicated  by  a  rectangular  box,  and  the  number  in  that  box 
represents  the  number  of  sticks,  straws,  or  objects  in  that  pile-  The 
player  selects  the  box  from  which  to  remove  something  by  moving 
the  black  dot  (red  in  color  TV  sets)  under  the  selected  box.  In  the 
Fairchild  F-8  TV  game,  the  joystick  is  used  to  maneuver  the  dot  and 
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3  b 


Figure  9.4  Screen  display 
for  NIM  (Fairchild). 


/ 

Indicator 


a  ,o  to  indicate  to  the  microprocessor  what  number  to  subtract  from 
the  number  shown  in  the  selected  box.  Since  the  player  plays  aealn^ 
the  computer  a  time  limit  is  set  for  the  player's  response  The 

computer  indicates  its  moves  immediately.  P  lhe 

At  first,  Nim  appears  a  very  simple  game,  but  it  really  requires 
some  very  careful  logical  thinking  to  beat  the  computer  As  a  matter 

reader  to  thnarv^hi‘d  **  ga™  introduces  the 

rompuLr  ^  81C  m  °rder  ‘°  i,1UStrate  one  me,hod  of  beating  the 


Guess  the  Number 

be  Played  by  one  or  two  players  and  requires  careful 
game  th”  *°  ™'|nPuter'gcn<-'rated  clues.  RCA's  Studio  II  offers  this 
?DDM1_  ^  he  TV  Arcade  11  cartridge,  and  the  TV  screen  display 

puter  LtS  a  in  Fig'.  9.'5'  ln  the  single-player  mode,  the  com- 
on  thp  v  \?  ran<^om  3-digit  number,  and  the  player  enters  a  guess 
screen  f  ^  °,arc*‘  ^his  8uess  and  the  clue  number  appear  on  the 
chanee<;0r  ^  a  GW  seconc*s'  ^en  the  number  of  guesses  remaining 
either  wh an<^  the  Player  is  ready  to  guess  again.  The  game  ends 
8ucsses  en  ^a^er  ^as  8uessed  the  secret  number  or  when  all  20 
S  are  use<^  UP-  At  that  point  the  secret  number  is  displayed, 
the  vva  ^ame  must  he  classified  as  a  game  of  mental  skill  because  of 
the  corn  tlae  computer  presents  its  clues.  After  each  guess 

the  fono^  a  numher  which  represents  the  sum  total  of 


000 
00 1 
002 


None  of  the  digits  is  correct 
One  digit  correct,  but  in  wrong  position 

One  digit  correct  and  in  proper  position,  or  two  digits  correct  but  both  in 
wrong  position 

^ny  feasible  combination  of  001  and  002 
ny  feasible  combination  of  001,  002,  and  003 

*ny  feasible  combination  of  001,  002,  003,  and  004 
Correct  guess 

r,e  Wav  to  * 

^ic-eircy'  PProach  this  game  is  by  means  of  a  truth  table,  such  as 
*htecj  designers  use,  with  each  combination  of  possible  clues 

ar  y,  mental  skill  is  required  for  this  game. 


003 

004 

005 

006 

Oiie 
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Figure  9.5  Screen  display 
for  Guess  the  Number  (RCA). 


In  the  two-player  version  each  player  enters  a  secret  number  bv 
means  of  the  keyboard  while  the  other  player  cannot  see  the  screen 
The  computer  stores  both  secret  numbers  and  then  generates  the 
clues  as  in  the  single-player  version.  Both  players'  guesses  and  the 
computer's  clues  for  each  are  displayed,  with  a  small  rectangle  above 
the  number  assigned  to  the  player  whose  turn  is  next. 


Common  Features 


All  games  of  mental  skill  are  microprocessor-based.  Even  an  arcade- 
type  game  like  the  Tic  Tac  Quiz,  described  in  Chap.  11,  which  poses 
questions  recorded  on  magnetic  tape  to  entitle  players  to  enter  the  X 

°u  ^  -  dePends  on  ^e  microprocessor.  Another  common  feature  is 
the  digital  input  and  output.  For  the  Chess  Challenger,  a  board  game 
described  in  Chap.  11,  the  input  is  through  a  keyboard,  and  the 
output  is  an  LED  display.  TV  games,  as  the  above  examples  indicate, 
are  usually  based  on  numeral  displays.  Uncertainty,  a  key  element  in 
any  Same  interesting,  is  provided  mostly  by  the  interaction 
etween  the  electronic  game  and  the  player.  The  relative  importance 
of  rules  and  scoring  varies  in  different  games  of  mental  skill.  The 
ru  es  o  c  ess,  or  example,  are  a  major  part  of  the  chess  program,  but 
he  scoring  is  limited  to  checkmate  or  draw.  The  scoring  in  the  game 
o  Nun  is  similarly  trivial,  but  in  a  game  like  Guess  the  Number  the 
scoring  is  important  since  it  will  determine  the  player's  strategy. 


Key  Electronic  Features 

baspd  n<\teC*  3k?.Ve'  §ames  mental  skill  are  microprocessor 

sames  Tn  ^  °UtpUt'  As  3  matter  faCl'  ,h‘ 

8  u  U  U  th,  cate8ory  are  really  computer-tVpe  games  most  o 

puters  LarVyearsen  ^  time'shared  a"d  small  dedicated  com 

games  of  memaf 3Ctual  Programs  which  can  "play' 
g  mes  mental  skill  are  the  focus  of  the  game  designer's  efforts 
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Programs  for  playing  almost  every  known  game  of  mental  skill  have 
been  developed  in  al  popular  computer  languages,  but  the  adapta¬ 
tion  of  these  programs  to  the  limitations  imposed  by  the  micropro¬ 
cessor  in  an  electronic  game  is  still  under  way.  There  are  always  new 
shortcuts,  new  program-step-saving  ways,  and  new  modifications  of 
the  game  rules  which  can  provide  hardware  economies. 

Sound .effects.do  nop a  dd je  al  i s m  to  games  of  mental  skill  and  are 
usually  omitted^  - - - - 


9.3  GAMES  OF  CHANCE 


As  we  pointed  out  in  Chap.  1,  in  playing  games  of  chance,  the 
players  generally  focus  on  intuition  or  luck  rather  than  skill.  The 
belief  in  luck  is  really  a  superstition,  and  we  all  know  that  games  of 
chance  depend  on  probability,  which  is  another  way  of  determining 
the  odds.  In  playing  dice,  for  example,  the  probability  of  throwing 
two  dice  so  that  both  show  the  identical  number  is  much  smaller 
than  the  probability  of  getting  a  total  of  7,  which  can  be  made  up  of  1 
and  6,  2  and  5,  or  3  and  4.  As  any  real  dice  player  knows,  this 
probability  is  reflected  in  the  odds. 


From  the  engineering  point  of  view,  all  games  of  chance  are  based 
on  the  relative  randomness  of  a  group  of  numbers.  An  illustration  of 
this  is  found  in  the  Monte  Carlo  wrist  watch  sold  by  Unitrex  of  New 
York.  This  watch  contains,  in  addition  to  the  time  control,  a  game 
and  a  display  switch  which  permit  the  display  of  random  numbers  to 
simulate  either  a  slot  machine,  the  rolling  of  dice,  or  the  roulette 
ee  .  Inveterate  gamblers  can  play  these  games  while  traveling, 
w  1  e  baiting  for  the  dentist,  or  whenever  they  wish.  As  in  all  games 
c  ance,  the  betting  and  the  payoff,  actions  that  are  quite  separate 
r°m  the  electronic  game,  provide  the  real  fun.  Two  examples  of  TV 
games  of  chance.  Draw  Poker  and  War,  are  presented  here,  and  a 
e  ailed  discussion  of  Blackjack  is  the  subject  of  Chap.  10. 

Draw  Poker 


This  Tv 

°r  b  &arne  can  be  played  either  by  two  players  against  each  other 
9.6  °ne  Plnyer  against  the  microprocessor.  As  illustrated  in  Fig. 
The  b*e  SCreen  displays  each  player's  hand  of  five  cards  face  up. 
bets  ar^  r°^  assigned  to  each  player  decreases  and  increases  as 
^heriev  ITla<^e  and  games  won  or  lost.  There  is  an  automatic  $5  ante 
the  bUuer  3  new  8ame  is  started.  Each  player  can  raise  by  depressing 
button  °n  desi§nated  "Yes"  or  call  or  drop  out  by  depressing  the 

appears  arked  "No/'  When  one  of  the  PlaYers  caIls'  an  indicator 
°n  the  screen  and  moves  between  the  two  players  cards. 


236  Electronic  Games 


allowing  the  players  in  turn  to  secretly  depress  their  "Yes"  buttons  to 
indicate  the  cards  they  wish  to  replace.  When  the  indicator  has 
moved  past  all  10  cards,  the  selected  cards  are  replaced,  and  the 
microprocessor  evaluates  each  hand.  The  winning  hand  is  then 
awarded  the  loser's  bet,  both  bankrolls  are  updated,  and  the  win¬ 
ner's  BR  flashes.  In  the  single-player  version  the  object  is  to  achieve 
the  best  poker  hand.  ThfiJimj&unt  wagered  is  multiplied  by  the  odds 
and  then  added  to  the  player's  bankroll  in  accordance  with  a  table  of 
factors  ranging  from  even  for  a  single  pair  of  jacks  or  better,  to  100  to 
1'Tor  a  royal  flush. 


War 

Based  on  a  simple  children's  card  game,  this  microprocessor-con¬ 
trolled  TV  game  starts  out  with  two  sets  of  five  cards  displayed  on  the 
TV  screen  face  down,  as  shown  in  Fig.  9.7.  An  indicator  moves 
sequentially  between  the  two  rows  of  cards,  allowing  each  player  to 
select  one  card  by  pressing  the  button  indicating  "Yes."  When  each 
player  has  selected  one  card,  both  cards  are  shown,  the  higher-value 
card  wins  two  points  for  its  player,  and  two  new  cards  appear,  face 
down.  If  both  cards  match,  a  state  of  "war"  exists.  Each  player  makes 
a  new  selection,  and  the  winner  gets  12  points.  A  total  of  four  decks 
(208  cards)  are  used,  and  the  game  ends  when  all  cards  have  been 
displayed.  The  winning  score  will  then  flash  on  the  screen.  There  is 
also  a  single-player  version  in  which  both  the  player's  and  the 
game  s  card  are  selected  following  the  player's  decision.  The  scoring 
is  the  same  as  in  the  two-player  version. 
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Common  Features 

All  of  the  TV  games  which  offer  games  of  chance  use  microprocessor 
and  plug-in  cartridges.  As  in  the  case  of  games  of  mental  skill, 
computer  programs  have  long  existed  for  many  of  the  games  of 
j^ance,  with  special  emphasis  on  the  randomness  bT'numbers  which 
is  at  the  heart  of  any  such  game.  All  the  controls  of  games  of  chance 
~ are  digital,  but  the  displays  in  many  popular  games  are  pictures  of 
playing  cards.  This  latter  feature  adds  realism,  but  doesn't  change 
the  actual  numerical  nature  of  the  game. 

The  player's  focus  is  usually  on  the  odds  and  the  resulting  chances 
of  winning  money.  While  players  of  other  games  compete  against 
each  other  or  against  the  machine  in  terms  of  physical  or  mental  skill, 
in  flames  of  chance  the  key  motivation  is  really  greed,  the_desire  to 
win  money.  We  may  fool  ourselves  into  believing  that  there  is  some" 
-llallTrrplaying  poker  or  dice,  but  in  reality  they  require  only  blind 
luck  and  a  knowledge  of  the  odds.  ~ 

Key  Electronic  Features 

As  in  games  of  mental  skill,  the  microprocessor,  the  RAM,  the  ROM, 
and  the  I/O  section  are  the  key  circuits.  Randomness  is  usually 
achieved  by  programming,  although,  as  explained  in  earlier  chap¬ 
ters,  the  difference  between  the  clock  speed  and  the  human  response 
of  pressing  a  button  can  also  be  used  to  provide  this  effect.  Some 
programs  take  the  different  probabilities  for  different  events  into 
account,  but,  as  concerns  the  players,  this  is  not  an  essential  feature. 
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Where  scoring  is  part  of  the  game,  as  in  Draw  Poker,  these  probabili 
ties  appear  as  the  odds  in  the  payoff  shown  on  the  screen"  fri%p^,- 
games  showing  playing ca'rdsTthe  circuits  that  generate  that  displav 
are  usually  part  of  the  character  generator,  just  as  they  are  for  other 
games  displaying  complex  objects.  Realistic  color  displays  require 
red,  white,  and  black,  possibly  on  a  green  background,  and  the  only 
motion  is  that  of  the  indicator  or  cursor.  Sound,  effects  are  of  little 
importance  in  games  of  chance  and  are  limited  to  special  sounds 
which  indicate  a  win  or  a  loss.  - 


9.4  EDUCATIONAL  GAMES 

0l*'i  " 

This  is  the  last  category  of  games  that  has  become  popular,  but  many 
marketing  experts  predict  that  the  educational  aspects  of  TV  games 
will  prove  to  be  a  major  sales  factor.  They  point  to  the  popularity  of 
the  special  pocket  calculators  designed  to  teach  children  arithmetic 
and  the  increasing  acceptance  of  TV  as  a  source  of  education.  While 
the  majority  of  educational  electronic  games  involve  the  home  TV 
screen,  a  number  of  manufacturers  offer  board-type  games  featuring 
a  pocket  calculator.  Typical  of  these  are  Calculator  Squares  and  Check 
Out,  two  games  made  by  Texas  Instruments  and  based  on  their 
model  1400  five-function  pocket  calculator.  Both  games  include  edu¬ 
cational  material  combined  with  arithmetic  problems  for  the  calcula¬ 
tor  and  are  intended  for  children  over  12. 

The  two  examples  of  educational  TV  games  presented  below  are 
typical  of  the  microprocessor-controlled,  cartridge-based  games. 
One  major  difference  between  them  is  that  RCA's  TV  School  House 
series  depends  on  a  set  of  booklets  for  its  variety  of  educational 
material  while  the  Fairchild  F-8  system  uses  the  booklets  primarily 
for  game  instructions  with  the  problems  displayed  and  solved  on  the 
screen.  Both  systems  are  open  to  innovation  and  future  expansion  for 
almost  any  kind  of  educational  material. 


Multiplication 

In  this  Fairchild  TV  game  the  Videocart-7C  cartridge  is  used  to 
present  simple  multiplication  and  division  problems  for  one  player. 
The  booklet  furnished  with  this  cartridge  also  describes  a  number  of 
competitive  games  for  several  players,  based  on  solving  the  multipli¬ 
cation  or  division  problems.  As  illustrated  in  Fig.  9.8,  the  two  types 
of  problems  appear  on  the  screen  as  they  would  on  paper,  with  the 
score  of  correct  and  incorrect  answers  in  the  lower  comers.  The 
answer  is  entered  on  the  screen  by  twisting  the  joystick-type  hand 
controller  left  or  right,  with  each  momentary  twist  changing  a  digit 
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Figure  9.8  Screen  display  for  Multiplication  (Fairchild). 


by  one.  When  the  desired  answer  is  displayed,  it  is  entered  by 
pushing  the  control  knob  down.  If  the  answer  is  correct,  the  word 
"RIGHT"  will  appear.  If  the  answer  is  wrong,  the  message  "TRY 
AGAIN"  gives  the  player  a  second  chance.  If  the  second  attempt 
fails,  the  game  will  show  the  player  step  by  step  how  the  correct 
answer  is  obtained.  New  problems  are  started  by  pulling  the  control 
knob  up,  but  only  after  the  player  has  either  solved  the  problem 
correctly  or  after  the  game  has  displayed  the  solution. 


School  House 

In  this  game,  a  single  cartridge  contains  the  data  for  36  separate 
quizzes,  9  each  in  elementary  and  advanced  social  studies  and  9  each 
in  elementary  and  advanced  mathematics  in  RCA's  TV  School  House 
game.  Each  quiz  consists  of  eight  questions,  and  the  key  to  the  entire 
series  is  the  set  of  booklets  supplied  with  the  cartridge. 

he  following  example  (Fig.  9.9)  illustrates  "European  Geog- 
raPhy,  part  of  advanced  social  studies,  and  explains  the  technique 
jjsed  in  this  educational  game.  For  quiz  1  the  booklet  shows  a  map  of 
uropg,  with  eight  countries  identified  by  letter.  Below  the  map 
*s  a  ten  countries  with  a  numeral,  0  through  9,  next  to 

bQC  ‘  ^  ^der,  A  through  H,  appears  on  the  screen  next  to  an  empty 
pr*'  an<*  player  selects  the  right  answer  by  pressing  the  appro- 
1^  6  ^Urn^er  °n  the  keyboard.  In  setting  up  the  game,  the  player 
ans^C  °*Ce  two  levels  of  difficulty,  allowing  either  10  or  20  s  for  an 
ansty61"  two  people  play,  the  objective  for  each  player  is  to 

rectlverfif  ^uesb°n  before  the  other  can.  If  a  player  answers  incor- 
*nswe  W°rd  "NO"  appears,  and  the  player  is  locked  out.  Correct 
answe  -  6am  from  1  to  10  points,  depending  on  how  quickly  the 
^  entered.  If  there  is  no  correct  answer  after  the  allotted  time. 
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Figure  9.9  European  Geography  (RCA). 


Answer 


(b) 


the  next  question  is  shown.  Each  time  the  game  is  played,  the 
questions  appear  in  a  different,  random  sequence. 

The  same  game,  with  the  same  letters  A  through  H  on  the  TV 
screen,  is  played  to  teach  civics,  history  and,  of  course,  mathematics. 
In  this  last  subject  the  problems  are  shown  in  the  booklet  with  their 
identifying  letters,  and  the  solutions  are  keyed  to  corresponding 
numbers.  There  are  always  8  questions  and  10  answers,  and  they 
cover  addition,  subtraction,  series,  multiplication,  division,  mea¬ 
surements,  Roman  numerals,  and  fractions. 


Common  Features 

Like  games  of  mental  skill  and  games  of  chance,  educational  games 
are  essentially  based  on  numbers  .  Again,  microprocessors  and  plug¬ 
in  cartridges  are  common  features  for  all  TV  games,  and  some  kind  of 
arithmetic  ability  is  also  required  of  the  board-type  games.  All 
controls  are  digital,  and  the  display  is  also  digital,  whether  numbers 
or  letters  are  used.  The  educational  TV  games  can  easily  be  adapted 
to  parallel  conventional  classroom  teaching,  and  they  could  even 
replace  or  supplement  homework  assignments.  There  is  a  narrow 
line  between  TV  homework  and  a  TV  game,  but  once  students 
become  conditioned  to  sit  in  front  of  the  TV  set,  they  might  learn  to 
do  homework  without  complaining. 

Key  Electronic  Features 

The  key  circuits  in  educational  games  are  again  the  RAM,  the  ROM, 
the  I/O  portion,  and  the  processor  itself.  Although  the  sequence  in 
which  problems  are  presented  appears  random,  randomness  features 
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are  not  as  important  as  in  games  of  chance.  The  coincidence  of  an 
internal  clock  pulse  and  some  player's  input  is  generally  sufficient  to 
assure  randomness  in  this  type  of  game.  Simple  alphanumerics  are 
the  key  display  elements,  and,  in  most  games  now  on  the  market, 
color  adds  little  to  the  display  value.  The  plug-in  ROM,  contained  in 
the  cartridge,  is  a  key  element  because  its  program  structure  deter¬ 
mines  the  number  and  complexity  of  educational  games  available.  In 
the  example  of  the  RCA  TV  School  House  educational  series,  we  have 
seen  how  a  single  ROM  can  be  used  to  provide  a  program  for  36 
different  quizzes,  each  having  eight  questions.  The  program  only 
has  to  match  up  a  set  of  eight  numbers  and  display  only  a  few 
alphanumerics.  Scorekeeping  is  done  in  conjunction  with  timing. 
The  meaning  of  each  letter  and  answering  number  is  determined  by 
booklets  which  can  be  printed  to  cover  any  topic  at  any  level  of 
difficulty. 

Sound  effects  are  of  little  importance  in  educational  games,  and 
most  TV  games  are  "silent  when  used  for  educational  purposes. 


duHne!e^r0I!n^SameS  industry  experienced  a  phenomenal  growth 

devpl^  6  aS  an£*  *ater  microProcessor  made  the 

m  ,  °f  these  §ames  economically  feasible.  Earlier  games, 

ICs  n*f ,  y  the  Pon§  variety,  relied  heavily  on  standard  TTL  digital 
second  ater  °n  sPec*a*  chips  for  their  operation,  while  the 
games  j^eneratlon  electronic  games,  the  so-called  intelligent 
the  ath  aVC  maC*e  extensive  use  of  microprocessors.  In  this  chapter 
game^d  °rS  Preseni  an  example  of  each  of  these  two  styles  of 
an  all  ,  aS  W6^  aS  a  example  illustrating  how  to  convert 

ardware  design  of  Sec.  10.1  to  microprocessor  control. 


10.1 


r'LANDTHE  PENDULUM 

game 


—AN  ALL-HARDWARE  ELECTRONIC 


the  ma  v!^  Pendulum  is  a  game  of  skill  in  which  a  player  challenges 
With  an  me  ^  °Perati°n/  a  pendulum,  or  to  be  more  precise  a  bar 
aPproxim°Pt[nin£  *n  moves  back  and  forth  across  the  screen 
°PeninSiate  .  °nce  every  second.  As  the  pendulum  moves,  the 
As  the  b 11  ^  a^S°  seen  t°  move,  but  in  a  pseudorandom  fashion, 
^ove  thro^u011168  t°ward  the  player  (see  Fig.  10.1),  the  player  must 
u8h  the  opening  in  it  or  else  be  struck  by  the  pendulum. 
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/ 

Ell 

Figure  10.1  Video  display  for  the  Pit  and  the  Pen¬ 
dulum  game. 


ending  the  game.  Separate  on-screen  scoring  keeps  track  of  how  long 
the  player  has  been  able  to  avoid  being  hit  by  the  pendulum.  The 
game  may  be  played  at  three  skill  levels:  novice,  intermediate,  and 
expert.  Depending  on  the  game  level  selected,  the  pendulum  speed, 
size  of  the  opening,  and  rate  at  which  the  opening  moves  are 
correspondingly  changed. 

A  block  diagram  of  the  overall  game  design  is  shown  in  Fig.  10.2. 
To  create  the  player  position,  two  one-shots,  OSx  and  OS2/  whose 
widths  are  determined  by  the  position  of  the  player's  joystick  con¬ 
trol,  produce  pulses  at  the  horizontal  and  vertical  sweep  rates, 
respectively.  These  pulses  determine  the  location  of  the  player  on  the 
screen.  To  permit  the  player  to  be  positioned  anywhere  on  the 
screen,  their  widths  must  be  joystick-variable  from  about  0  to  63 
for  the  horizontal  position  and  from  0  to  16.7  ms  for  the  vertical.  OS3 
and  OS4  control  the  width  and  height  of  the  player  respectively.  The 
actual  video  signal  for  the  player  is  produced  by  "ANDing"  the 
vertical  and  horizontal  pulses  together  so  that  the  player  video  image 
occurs  only  at  the  point  on  the  screen  where  the  vertical  and  horizon¬ 
tal  pulses  (from  OS3  and  OS4)  simultaneously  occur  (See  Fig.  10.3). 

The  pendulum  is  produced  in  a  similar  fashion,  except  that  a 
pulse-width  modulator  is  used  to  vary  the  bar  position  on  the  screen- 
The  control  signal  for  this  modulator  is  a  1-Hz  triangle- wave  genera¬ 
tor.  This  varies  the  width  of  the  pulse  generated  by  OS5  and  thus 
slowly  sweeps  the  bar  back  and  forth  across  the  screen  about  once 
every  second.  A  similar  modulator  is  used  to  position  the  hole  in  the 
bar,  but  the  control  signal  for  this  modulator  varies  pseudorandom  > 
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Figure  10.2  Overall  game  design  for  Pit  and  the  Pendulum. 
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Figure  10.3  Generation  of  the  player  video  image. 

at  a  rate  determined  by  the  clock  input  to  the  divide-by-16  counter 
shown  in  the  figure.  As  a  result  of  the  connection  of  the  capacitor  C 
across  the  D/A  converter  op  amp,  the  output  control  voltage  does  not 
change  immediately  but  instead  slews  from  one  point  to  the  next  at  a 
rate  appropriate  to  the  game.  This  gives  the  player  an  opportunity  to 
get  through  the  hole  even  though  it's  moving  to  a  new  location. 

To  understand  how  the  D/A  converter  operates,  consider  the 
circuit  in  Fig.  10.4a,  illustrating  an  ordinary  D/A  converter  which 
when  connected  to  a  simple  binary  counter  produces  an  analog 
output  voltage  proportional  to  the  binary  number  stored  in  the 
counter.  In  this  way  as  the  counter  is  continuously  incremented  by 
the  clock,  the  resulting  output  is  a  ramp.  By  interchanging  the  bit 
values  and  specifically  in  this  case  by  reversing  all  the  bit  position 
locations,  a  pseudorandom  output  can  be  obtained.  The  outputs  for 
this  circuit  connection  are  given  in  Fig.  10. 4b,  and  the  resulting 
waveform  is  shown  in  Fig.  10.4c. 

Let's  trace  through  the  operation  of  an  actual  game.  At  the  start  of 
the  game,  the  control  flip-flop  Qc  is  set  to  one,  the  bar  begins  to 
move,  the  player  appears  on  the  screen,  and  the  timer  begins  to 
count,  displaying  the  elapsed  time  in  seconds  in  the  lower  left-hand 
comer  of  the  screen.  As  the  game  progresses,  the  player  continuously 
attempts  to  avoid  a  collision  with  the  pendulum.  Should  a  collision 
occur,  that  is,  should  the  player  and  pendulum  video  images  exist  at 
the  same  point  on  the  screen  at  the  same  time,  the  output  of  N \  goes 
LO  and  resets  the  game  control  flip-flop. 

Once  Qc  =  0,  further  counting  is  inhibited,  and  the  player's  final 
time  remains  on  the  screen.  In  addition,  the  player  video  signal  is 
gated  off,  and  furthermore  the  multiplexer  Aii  switches  in  a  final 
fixed  one-shot  to  control  the  bar  position.  Thus,  in  response  to  a 
collision,  the  timer  freezes,  the  "player"  disappears  from  the  screen. 
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and  the  bar  remains  locked  at  the  center  of  the  screen.  To  begin  a 
new  game,  the  player  simply  hits  the  start  button,  which  again  sets 

Qr  =  1.  and  wluch  a,so  resets  the  time  counter  register  I C,  1C  and 
1C,.  A  complete  wiring  diagram  for  the  game  is  given  in  Fig 'lo  5 
Most  of  the  circuitry  is  straightforward,  except  perhaps  for  the  pulse- 
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Figure  10.5b  Timer  electronics  for  Pit  and  the  Pendulum. 
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width  modulators  and  time-display  circuitry  whose  operation  will  be 
explained  further. 

The  pulse-width  modulators  are  basically  standard  TTL  one-shots, 
except  that  the  timing  resistor  R  usually  found  in  the  circuit  has  been 
replaced  by  a  voltage-controlled  current  source  (transistors  Q,  and 
Q2).  For  this  case  the  charging  current  I  is  approximately  given  by 
the  expression 


11.3  -  V, 


control 


R 


B 


where  hrE  is  the  transistor  current  gain  and  RB  the  base  resistance. 
The  fact  that  the  one-shot  times  out  when  the  voltage  across  C 
reaches  2.5  V  suggests  the  following  relationship  between  the  control 
voltage  and  the  resulting  one-shot  period: 

2 .5RbC 

hrE  (11-3  ^control) 

Bv  changing  VControi  the  resulting  one-shot  pulse  width  can  easily  be 
varied  over  a  100  to  1  range,  providing  more  than  adequate  resolu¬ 
tion  for  this  game. 

To  understand  how  the  elapsed  game  time  is  displayed  on  the 
screen,  consider  that  the  circuit  block  diagram  given  in  Fig.  10.6  is 
essentially  the  same  as  the  video  RAM  circuits  discussed  in  Chap.  8. 
Here,  however,  the  RAM  only  contains  two  "words,"  corresponding 
to  the  data  stored  in  the  decade  counters  IC2  and  IC3.  The  one-shots 
OSi  and  OS2  control  this  position  of  the  display  on  the  screen. 

At  the  beginning  of  a  new  video  scan,  the  vertical  synchronization 
pulse  triggers  OS2,  and  its  output  pulse  resets  and  holds  the  row 
counter  at  row  0  and  thus  effectively  blanks  the  TIME  VIDEO,  since 
all  character-generator  column  outputs  corresponding  to  row  0  are  0. 
When  OS2  times  out,  which  in  this  case  takes  about  12  ms,  display  o 
the  characters  is  ready  to  begin.  Of  course,  this  places  the  characters 
near  the  bottom  of  the  screen  (three-fourths  of  the  way  down).  On 
the  next  horizontal  sync  pulse,  marking  the  beginning  of  a  new 
sweep  line,  OSt  is  triggered,  and  after  it  has  timed  out  (about  5  /is  in 
this  case),  flip-flop  Qj  is  set  and  the  2-MHz  dot-clock  gated  into  the 
column  counter.  OSi  and  OS2  control  the  horizontal  and  vertica 
character  display  position  on  the  screen,  respectively,  with  the  cloc 
frequency  determining  the  "dot  width"  of  the  characters. 

Initially  FF2  is  reset  to  0,  and  M2  sends  the  tens  data  into  the 
character  generator  data  input  lines.  As  the  column  counter  is  incre 
mented  by  the  clock  via  the  multiplexer  Mlf  it  selects  the  appropriate 
column  information  from  the  character  generator  and  gates  it  onto 


Character 


Figure  10.6  Block  diagram  for  on-scroon  time  display  for  Pit  and  tho  Pondulum. 
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the  TIME  VIDEO  line.  The  last  three  counts  send  out  Os  into  f|M. 
video  which  serve  as  intercharacter  spacing.  When  the  colnrnn 
counter  returns  to  column  0  (a  000  count),  it  toggles  /T2/  the  charade 
counter,  and  this  causes  M2  to  select  the  units  counter  information  as 
the  data  input  to  the  character  generator.  This  information  is  then 
displayed  column  by  column  in  the  same  fashion  as  the  previous 
character.  Once  the  units  information  has  been  displayed,  the  output 
of  FF2  returns  to  0  and  this  edge  transition  is  used  to  reset  which 
inhibits  further  clocking.  At  this  point  AND  gate  A1  is  disabled,  and 
the  beam  is  held  off  until  the  next  horizontal  scan  line.  On  the  next 
horizontal  sync  pulse,  the  row  counter  is  incremented  and  the  dis¬ 
play  of  row  1  begins.  This  process  continues  until  all  eight  rows  have 
been  displayed,  that  is,  until  the  time  has  been  output  onto  the 
screen.  At  this  point  QD  (the  most  significant  bit  in  the  row  counter) 
is  set,  A2  is  disabled,  clocking  of  the  row  counter  is  inhibited,  and 
the  row  counter  is  locked  at  row  0  until  the  next  vertical  field  begins. 
As  before,  the  TIME  VIDEO  signal  is  0. 

If  a  divide-by-N  counter  is  inserted  between  the  output  of  FF ,  and 
the  row  counter  clock  (Fig.  10.6),  then  the  row  count  will  only  be 
incremented  every  N  scan  lines.  This  means  that  the  video  output 
will  be  the  same  on  N  consecutive  horizontal  scan  lines  and  the 
resulting  display  will  be  N  times  taller.  Thus  the  counter  serves  as  a 
vertical  size  adjustment. 


10.2  SOFTWARE  IMPLEMENTATION  OF  PIT  AND  THE  PENDULUM 

In  the  previous  section  we  described  the  design  of  a  typical  first- 
generation  electronic  game  and  demonstrated  how  it  could  be  con¬ 
structed  from  standard  off-the-shelf  ICs.  However,  as  explained  in 
Chap.  8,  if  this  game  is  converted  to  microprocessor-based  control, 
most  of  the  external  hardware  can  be  eliminated.  In  fact  when  this  is 
done,  other  than  the  microcomputer  and  video  RAM  circuitry,  only  a 
single  joystick  control  and  2  one-shots  will  be  needed  to  construct  the 
entire  game. 

The  basic  program  sequence  for  this  software  version  of  Pit  and 
the  Pendulum  is  illustrated  in  Fig.  10.7,  and  the  complete  program 
listing  is  given  in  Fig.  10.8.  Owing  to  its  length,  a  detailed  explana¬ 
tion  of  each  portion  of  the  program  will  be  needed  if  it  is  to  be 
understood.  In  this  program  a  set  of  six  ''memory  registers  is 
employed  in  addition  to  the  normal  internal  registers  in  the  proces* 
sor.  These  registers,  denoted  as  R0  through  R5,  are  actually  memory 
locations  in  which  data  is  stored,  examined,  and  modified  by  using 
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Subroutine 


JOYSTICK 


Generate  digital 
equivalent  of 
vertical 

joystick  position 


Generate  digital 
equivalent  of 
horizontal 
joystick  position 


Generate 


player  on 


screen 


Check  for  a  hit 


Player 


in  same 


column 


Return^) 
(no  hit) 


Player 
in  hole 


Return 


(no  hit) 


Call 


GAME  OVER 


(hit  has  occurred) 


lre  Flowchart  for  software  version  of  Pit 


and  the  Pendulum. 
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Hexadecimal  code  Mnemonic 


Address 

Instruction 

Label 

Instruction 

Comment 

1000 

AF 

XRA 

A 

Initialize  registers. 

01 

32F510 

STA 

#10F5 

R5  =  00  Modulo-64  counter 

04 

32F210 

STA 

#1 0F2 

R2  =  00  Screen  time 

07 

3C 

INR 

A 

08 

32F010 

STA 

#10FO 

RO  =  Oi  Random  number  seed 

0B 

3C 

INR 

A 

OC 

3C 

INR 

A 

0D 

32F110 

STA 

#  1 0F1 

R1  =  03  Hole  repeat 

10 

210088 

LXI 

H,#88Q0 

13 

E5 

MOV  RITE: 

PUSH 

1  H 

14 

CDF200 

CALL 

CLR  SCRN 

See  Appendix,  p.  330. 

17 

CD4310 

CALL 

TIME 

1 A 

El 

POP 

H 

IB 

CD8010 

CALL 

BAR 

IE 

CD7010 

CALL 

DELAY 

21 

23 

INX 

H 

22 

7D 

MOV 

A,L 

i  Check  for  end  of  line. 

23 

FE39 

CPI 

#39 

f 

25 

C21310 

JNZ 

MOV  RITE 

28 

E5 

MOV  LEFT: 

PUSH 

H 

29 

CDF200 

CALL 

CLR  SCRN 

2C 

CD4310 

CALL 

TIME 

2F 

El 

POP 

H 

30 

CD8010 

CALL 

BAR 

33 

CD7010 

CALL 

DELAY 

36 

2B 

OCX 

H 

1037 

7D 

MOV 

A  L 

38 

E63F 

ANI 

#3F 

Check  for  beginning  of 

3A 

FEOO 

CPI 

#00 

new  line. 

3C 

C22110 

JNZ 

MOV  LEFT 

3F 

C31310 

JMP 

MOV  RITE 

1043 

3AF510 

TIME: 

LDA 

#10F5 

R5  is  modulo  64  or 

46 

3C 

INR 

A 

pass  counter. 

47 

E63F 

ANI 

#3F 

49 

32F510 

STA 

#1 0F5 

4C 

3AF210 

LDA 

#10F2 

Bring  in  R2  (time  count). 

4F 

C25810 

JNZ 

No  CHG 

Only  increment  time 

52 

C601 

ADI 

#01 

once  each  pass. 

54 

27 

DAA 

Increment  and  set  flags  for  DAA. 

55 

32F210 

STA 

#10F2 

58 

E5 

NO  CHG: 

PUSH 

H 

59 

21048B 

LXI 

H,#8B04 

Screen  time  location. 

5C 

57 

MOV 

D,A 

Unpack  and  display 

5D 

E60F 

ANI 

#0F 

decimal  characters. 

5F 

F6B0 

ORI 

#B0 

61 

77 

MOV 

M,A 

62 

2B 

DCX 

H 

63 

7A 

MOV 

A,D 

64 

OF 

RRC 

65 

OF 

RRC 

66 

OF 

RRC 

1067 

OF 

RRC 

68 

E60F 

ANI 

#0F 

6A 

F6B0 

ORI 

#B0 

6C 

77 

MOV 

M,A 

6D 

El 

POP 

H 

6E 

C9 

RET 

Figure  10.8  Program  for  software  version  of  Pit  and  the  Pendulum. 
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Hexjdecima}jode_ 
i  n7H  111010 


Mnemonic 


ID 

C27310 

15 

C27310 

C9 

014000 

3E00 

77 

09 

7C 

FE8C 

C28310 

2688 

E5 

CD9610 

El 

C9 

3AF110 

3C 

32F110 

E603 

CCB510 

C3AB10 

3AF010 

CDC410 

CD001 1 

3E3F 

77 

09 

77 
C9 

3AF010 

57 

07 

AA 

07 

AA 

2F 

17 

7A 

17 

32F010 

E60F 

C8 

09 

3D 

C3C610 

06FF 

D300 

04 

0800 

E601 

CA0411 

78 

32F41Q 


Label 

DELAY: 

LOOP: 


Instruction  Comment 


BAR: 

NEX  BLK: 


HOLE: 


JOY  CALL: 


RANDOM: 


RTRN: 


LX  I 

DOR 

JNZ 

DOR 

JNZ 

RET 

LXI 

MVI 

MOV 

DAD 

MOV 

CPI 

JNZ 

MVI 

PUSH 

CALL 

POP 

RET 

LDA 

INR 

STA 

ANI 

CZ 

JMP 

LDA 

CALL 

CALL 

MVI 

MOV 

DAD 

MOV 

RET 

LDA 

MOV 

RLC 

XRA 

RLC 

XRA 

CMA 

RAL 

MOV 

RAL 

STA 

ANI 

RZ 

DAD 

DCR 

JMP 


JOYSTICK:  MVI 

OUT 

VERT  LOOP.  INR 
IN 
ANI 
JZ 

MOV 

STA 


D,  #  1 01 0 
E 

LOOP 

D 

LOOP 


B,#0040 

A,#00 

M,A 

B 

A,H 

#8C 

NEX  BLK 

H,#88 

H 

HOLE 

H 

#1 0F1 
A 

#1 0F1 
#03 

RANDOM 
JOY  CALL 
#1 0F0 
NO  RAND 
JOYSTICK 
A,#3F 
M,A 
B 

M,A 


#1 0F0 
D.A 


Next-line  increment  size 
A  =  0,  basic  bar  building 
block 

Check  for  end  of  bar. 

Initialize  to  beginning  of  a 
new  line. 


Generate  new  random 
hole  number  only  if 
R1  =  0.  Occurs  once  every 
fourth  pass. 


Use  old  random  number  to 
generate  hole  in  same 
location.  Do  not  generate 
new  random  number. 


Eight-bit  shift  register 
pseudorandom  sequence 
generator. 


#1 0F0 
#0F 

B 
A 

RTRN 
B,#FF 

#00  Trigger  one-shots. 

B 

#00  Test  vertical  one-shot 

#01  to  see  if  timed  out. 

VERT  LOOP 

A  B  Vertical  done.  Store 

#1 0F4  result  »n  R4 


result  m  R4 
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r~ 


Mnemonic 


10 

12 

14 

15 
17 

19 
1C 
ID 

20 
21 

24 

25 

1126 

27 

29 
2A 
2B 
2C 
2E 

30 

31 

32 

1135 

36 

38 

39 
3C 
3D 
3E 
3F 

40 

41 

43 

44 

47 

48 

49 
4A 

114B 

4C 

1150 

53 

56 

58 

59 
5A 
5B 
5C 
5D 
5E 
5F 
62 

1170 

74 

78 


C7C1CD 

A0CFD6 

D2 


Instruction 

Label 

Instruction 

06FF 

MVI 

B,#FF 

D300 

OUT 

#00 

04 

HOR  LOOP: 

INR 

B 

DB00 

IN 

#00 

E602 

ANI 

#02 

CA1411 

JZ 

HOR  LOOP 

78 

MOV 

A,B 

32F310 

STA 

#10F3 

5F 

PLAYER: 

MOV 

E,A 

3AF410 

LDA 

#10F4 

OF 

RRC 

OF 

RRC 

57 

MOV 

D,A 

E6G0 

ANI 

#C0 

B3 

ORA 

E 

5F 

MOV 

E.A 

7A 

MOV 

A.D 

E603 

ANI 

#03 

F688 

ORI 

#88 

57 

MOV 

D,A 

AF 

XRA 

A 

12 

STAX 

D 

7D 

HIT: 

MOV 

A,L 

E63F 

ANI 

#3F 

57 

MOV 

D.A 

3AF310 

LDA 

#10F3 

BA 

CMP 

D 

CO 

RNZ 

29 

DAD 

H 

29 

DAD 

H 

7C 

MOV 

A,H 

E60F 

ANI 

#0F 

57 

MOV 

D,A 

3AF410 

LDA 

#1 0F4 

BA 

CMP 

D 

C8 

RZ 

3C 

INR 

A 

BA 

CMP 

D 

C84* 

RZ 

CD5011 

CALL 

GAME  OVER 

11108A 

GAME  OVER: 

LXI 

D,#8A10 

217011 

LXI 

H,#1 1 70 

0609 

MVI 

B,#09 

7E 

MESSAGE: 

MOV 

A,M 

EB 

XCHG 

77 

MOV 

M,A 

EB 

XCHG 

23 

INX 

H 

13 

INX 

D 

05 

DCR 

B 

C2581 1 

JNZ 

MESSAGE 

C36211 

SELF: 

JMP 

SELF 

Comment 


Test  horizontal  one-shot 
to  see  if  timed  out. 


Fill  DO  to  D5  with  column  number. 

Generate  player  on 
screen  from  joystick  data 
stored  in  R3  and  R4. 

Add  in  two  LSBs 
of  row  number  into  two 
MSBs  of  E. 


Finished  with  player  address. 

Put  player  on  screen. 

Check  for  collision. 

Mask  off  bar  column. 

Player  column  number  (R3) 

Are  player  and  bar  column  same? 
Return  if  not  same. 

Shift  row  number  into  H-4  LSBs. 

Mask  off  hole  row  number. 

Save  hole  row  number. 

Player  row  number  (R4) 

Return  if  player  is 
in  hole. 


Starting  address  for  message  display 
Starting  address  for  message  location 
Message  size 


C5 

C5 


“GAME  OVER”  message 


Figure  10.8  (Continued) 
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the  direct-addressing  LDA  and  ST  A  instructions.  Although  these 
instructions  are  awkward  m  that  they  require  3  memory  bytes  and 
take  13  clock  cycles  to  execute,  this  approach  frees  the  processor's 
internal  registers  for  use  in  the  main  program  and  allows  for  data 
storage  operations  that  would  be  extremely  difficult  if  only  the  stan- 
dard  registers  and  the  stack  were  employed. 

The  program  begins  by  setting  the  HL  register  to  point  to  the 
memory  location  corresponding  to  the  upper-left-hand  comer  of  the 
video  RAM.  In  addition  the  memory  registers  RO,  Rl,  R2,  and  R5  are 
initialized  to  their  appropriate  values.  For  later  reference  the  func¬ 
tion  of  each  of  these  registers  is  identified  in  Table  10.1. 

To  begin  the  display  of  a  new  frame  of  video,  the  screen  is  first 
cleared  via  the  CLR  SCRN  subroutine,  which  fills  the  entire  video 
RAM  with  blanks  (3F  in  hexadecimal  code).  Next  the  TIME  routine  is 
called  and  displays  the  total  number  of  successful  noncollision  passes 
through  the  bar  made  by  the  player.  This  information  is  displayed  in 
the  lower-left-hand  comer  of  the  screen  in  video  RAM  locations  8B03 
and  8B04.  Since  the  KOUNT  routine  is  called  each  time  the  position 
of  the  vertical  bar  is  incremented  or  decremented  (64  times  per  pass), 
a  modulo-64  counter  (R5)  is  used  so  that  the  count  displayed  on  the 
screen  is  updated  only  once  per  pass. 

The  vertical  bar  is  constructed  by  completely  illuminating  a  verti¬ 
cal  segment  of  the  video  RAM.  The  bar's  location  on  the  screen  is 
determined  by  the  initial  value  in  the  HL  register  pair  at  the  time  the 
BAR  routine  is  called.  Since  adjacent  vertical  RAM  cells  differ  by  6410 
memory  locations,  or  40h,  successive  addresses  for  the  bar's  con¬ 
struction  are  obtained  by  double  adding  the  BC  register  contents. 


TABLE  10.1  MEMORY  REGISTERS  USED  WITH  PIT  AND  THE  PENDULUM 

game 


Register 

name 

Function 

Range  of  data 
stored 

RO 

Random  number  for 

01 -FF 

Rl 

hole  generation 

Hole  repeat  factor 

03  (single  value) 

R2 

n  a 

Screen  time 

00-99  (base  10) 

R3 

Digital  equivalent  of 

00-3F  (hex) 

R4 

horizontal  joystick 
position 

Digital  equivalent  of 

00-0F  (hex) 

R5 

vertical  joystick 
position 

00-3F  (hex) 

Modulo-64  counter 

Stored  at 
memory  location 


01 FO 

01F1 
01 F2 
01 F3 


01 F4 


01 F5 
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initialized  to  0040  at  the  beginning  of  this  routine,  to  the  HL  address 
pointer  register  pair.  Once  the  bar  s  construction  has  been  completed 
and  the  end  detected  by  the  presence  of  an  8C  in  the  H  register,  the 
HL  pair  is  reinitialized  to  the  beginning  of  the  next  column  before 
the  processor  continues  with  the  next  portion  of  the  program,  which 
places  the  hole  in  the  bar.  For  reference  purposes  a  listing  of  the 
important  memory  locations  within  the  video  RAM  is  given  in  Fig. 
10.9. 

The  generation  of  the  hole  in  the  bar  makes  use  of  a  pseudoran¬ 
dom  number  generation  routine  similar  to  that  described  in  Chap.  6. 
Here  an  8-bit  shift-register  scheme  is  employed  along  with  the 
generation  algorithm  DO  =  D7©D6@D5.  This  routine,  known  as 
RANDOM,  is  located  in  memory  at  address  10B5  and  is  called  by  the 
HOLE  routine  when  needed,  with  the  resulting  random  number 
generated  being  placed  in  R0.  In  order  to  avoid  a  continuous  updat¬ 
ing  of  the  hole  position  each  time  the  bar  moves  one  column  to  the 
left  or  right,  the  contents  of  R0  are  updated  only  once  for  every  four 
times  that  the  HOLE  routine  is  called.  This  is  accomplished  by 
incrementing  R1  on  each  pass  through  the  HOLE  routine  while 
changing  the  random  number  in  R0  only  when  the  2  least  significant 
bits  in  R1  are  zero.  Since  this  occurs  once  every  four  passes  through 
the  routine,  the  hole  remains  in  the  same  location  on  the  bar  for  four 
successive  bar  column  locations,  giving  the  player  an  opportunity  to 
move  through  the  hole  even  after  it  has  moved  to  a  new  position.  In 
addition,  in  order  to  give  the  player  a  better  chance  to  make  it 
through  the  opening  in  the  bar,  the  hole  size  is  made  two  spaces 
high  for  this  specific  program  (see  program  addresses  10AE  through 
10B3).  In  principle,  of  course,  this  size  could  easily  be  changed  to 
vary  the  difficulty  of  the  game.  The  reader  should  note  that  the 
joystick  interfacing  routine  is  also  a  part  of  this  portion  of  the 
program  so  that  the  player's  position  on  the  screen  is  updated  each 
time  a  new  bar  is  drawn. 

The  technique  employed  to  interface  the  joystick  to  the  processor 
is  the  same  as  that  previously  described  in  Sec.  8.2,  in  which  one- 
shots  are  employed  whose  generated  pulse-widths  are  proportional 
to  the  resistance  of  the  joystick.  As  illustrated  in  Fig.  10.10,  the 
player's  location  on  the  screen  is  effectively  obtained  by  determining 
the  x  and  y  coordinates  of  the  joystick  control. 

Each  time  the  processor  executes  an  OUT  instruction,  pulses  are 
generated  by  both  the  horizontal  and  vertical  one-shots.  When  the 
processor  is  in  the  vertical  portion  of  the  JOYSTICK  routine,  it 
continually  tests  the  output  of  the  vertical  one-shot  (bit  D1  on  input 
port  00)  and  generates  a  count  proportional  to  the  position  of  the 
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Character  Character 
0  1 


Character  Character 
62,°  63,o 


Figure  10.9  Important  video  RAM  locations  for  Pit  and  the  Pendulum. 

vertical  potentiometer  on  the  joystick  control.  A  count  of  00  placed  in 
R4  corresponds  to  the  player  location  at  the  top  of  the  screen  (row  0), 
and  a  OF  to  the  player  position  at  the  bottom  of  the  screen  (row  15). 
Since  this  routine  requires  32  clock  cycles  per  pass,  or  16  /us  per  pass, 
to  execute,  at  the  top  of  the  screen  a  one-shot  output  of  about  10  /us  is 
needed  while  at  the  bottom  of  the  screen  a  250-/us  pulse  will  result  in 
a  maximum  count  in  R4  of  OF. 

A  similar  program  is  utilized  to  generate  the  digital  equivalent  of 
e  horizontal  position  of  the  joystick  control,  except  that  for  this 
o^Slf  number  eventually  stored  in  register  R3  indicates  in  which 
*  e  ^4  possible  columns  to  place  the  player.  Since  this  routine  will 
require  four  times  as  long  to  accumulate  the  maximum  count,  for  this 
I  , e  a  pulse  width  from  the  one-shot  will  correspond  to  the 

tyjj, ,  and  of  the  screen  (a  count  of  00  in  R3)  while  a  1-ms  pulse 
R3  6  nee<^e<^  f°r  the  right-hand  position  to  produce  a  count  of  3F  in 

thj]le  problem  of  generating  the  player's  location  on  the  screen  from 
is  a  i;?.,St*ck‘8enerated  x  and  y  coordinates  (row  and  column  values 
a  cwl 6  COmPlex  and  is  best  explained  with  the  aid  of  Fig.  10.  H  an 
beRin/  examination  of  the  PLAYER  GENERATION  routine  which 
0ri8inaiaHa^^ress  H20.  Basically  what  is  done  is  to  reconfigure  ie 
1  data  stored  in  registers  R3  and  R4  into  the  final  form  Ulus- 
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(a) 

Figure  10.10  (a)  Flowchart  for  the  joystick  subroutine;  ( b )  electronics 
interface  for  the  joystick  control. 
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D  register  E  register 


^*9ure  10.11  Generating  the  player  screen  address  from 
*  e  individual  horizontal  and  vertical  joystick  controls. 

trated  in  the  bottom  of  the  figure.  As  shown  in  the  figure,  this 
requires  considerable  bit  shifting,  masking,  and  "ORing"  opera- 
10ns'  hut  the  process  is  not  really  too  difficult  to  understand.  As  an 
^ample  iet's  suppose  that  the  player's  position  is  row  1  (0001), 
haTn  62  (11111°)-  This  would  place  the  player  in  the  upper  right- 
th  0  corner  the  screen,  one  row  from  the  top  and  one  column  from 
*e*treme  right.  The  corresponding  video  RAM  address  for  the 
infnerS  location  may  be  formed  by  placing  the  row  and  column 
10  i?*!!1011  in  the  DE  register  pair  as  illustrated  in  the  bottom  of  Fig. 

•  This  results  in  a  1000  1000  0111 1110  in  the  DE  pair,  or  an 
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address  for  the  player.  Comparing  this  result  with  the  correspond^ 
address  for  this  position  given  in  Fig.  10.9  illustrates  the  correctness 
of  this  algorithm. 

Once  the  player  address  has  been  created,  it  is  next  displayed  on 
the  screen  and  checked  to  see  if  a  collision  has  taken  place  with  the 
bar.  To  do  this,  the  player  and  bar  location  are  first  compared  to  see  if 
they  are  in  the  same  column.  Since  at  this  point  in  the  program  the 
bar  hole  position  is  in  HL  and  the  player  location  in  DE,  the  column 
check  may  be  made  by  comparing  the  first  6  bits  of  the  L  and  E 
registers.  If  they  do  not  match,  the  player  column  is  different  from 
that  of  the  bar  and  no  collision  could  have  taken  place.  If  they  do 
match,  a  collision  has  occurred  unless  the  player's  location  is  the 
same  as  that  of  the  hole  in  the  bar.  To  check  for  this,  the  hole  row 
information  in  bits  D1  and  DO  of  H  and  in  bits  D 7  and  D6  of  L  is 
shifted  into  the  4  least  significant  bits  of  H  by  double  adding  HL  to 
itself  twice.  These  bits  are  then  masked  off  and  compared  with  the 
contents  of  R4,  which  contains  the  hole  row  number.  If  a  match  is 
found  with  either  this  row  number  or  that  below  it  (since  this  is  also 
part  of  the  hole),  again  no  collision  has  occurred.  If  no  match  is 
found,  a  hit  has  taken  place  and  the  GAME  OVER  routine  is  called  to 
terminate  the  game. 

Should  the  latter  event  occur,  the  message  starting  at  memory 
location  1170  is  simply  transferred  to  the  video  RAM,  signaling 
“GAME  OVER,"  the  lap  counter  is  frozen,  the  player  disappears,  the 
bar  position  is  frozen,  and  the  game  terminates.  To  initiate  a  new 
game,  the  player  must  merely  reset  the  computer  to  begin  program 
execution  at  location  1000. 


10.3  BLACKJACK— A  FULL-FLEDGED  MICROPROCESSOR 
CONTROLLED  VIDEO  GAME 

Blackjack,  or  twenty-one  as  it  is  also  called,  has  a  history  dating  bac 
to  the  Dark  Ages;  yet  in  spite  of  its  apparently  dated  or^^jes 
remains  the  most  popular  card  game  at  the  Nevada  gaming  <•  ^ 
Although  deceptively  simple  in  its  objective,  the  game  of  ers^  ^ 
player  an  excellent  opportunity  to  combine  both  luck  and  s 
“beating  the  house"  and  is  in  fact  one  of  the  few  games  of  chance^  a 
which  a  real  system  exists  to  enable  the  player  to  actually  con1,evjC|U- 
winner.  To  be  sure,  the  casinos  are  ever  watching  for  those  m  * 

als  who  appear  to  know  this  system.  objed 

In  blackjack  all  players  compete  against  the  dealer,  the  °  ^ 
being  to  obtain  the  highest  possible  score  without  going  °v 
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.  j  a  player's  final  score  exceed  21,  he  or  she  is  "bust"  and  loses 
5h°U  lf  regardless  of  the  dealer's  final  score.  In  tallying  the 
the  bf  ^minted  as  either  1  or  11  points  at  the  discretion  of 


score,  aces 

e  counted  as  either  1  or  n  points  at  the  discretion  of  the  holder 
•  he  card.  Picture  or  face  cards  (i.e.,  kings,  queens,  and  jacks)  count 
ottl0  points  each,  while  the  remaining  cards  have  point  values 
35  ponding  to  their  numerical  values.  Thus,  for  example,  a  player 
unig  an  ace,  a  queen,  and  a  five  could  claim  a  score  of  either  16  or 
26  and  since  the  latter  tabulation  would  cause  a  bust,  should  choose 
the  16  for  a  final  score. 


maybe 

of 
as 

corres 

holding 


G> 


6  Start  ) 


“HOW  ABOUT  A 
GAME  OF 
BLACKJACK  HIT 
“B”  IF  YOU’D  LIKE 
TO  PLAY” 


“YOU  HAVE  $_ 
ENTER  YOUR  BET 
AS  A  FOUR  DIGIT 
/NUMBER  FOLLOWED/ 
BY  AN  “E”  ’’ 


9Urei0.l2  pi 

flowchart  for 


1.  Call  CLR  SCRN. 

2.  Initialize  bankroll  to  $500. 


3.  Form  deck  of  52  cards. 

4.  Display  bankroll. 


5.  Call  CREATE  to  generate 
first  two  player  cards  and 
first  two  dealer  cards 
[both  player  cards  dis¬ 
played  face  up,  first  deaier 
card  face  down]. 

6.  Cards  selected  randomly 
without  replacement. 

Deck  packed  after  each 
selection. 

7.  Partial  sum  and  number  of 
aces  saved  in  respective 
registers. 


the  blackjack  program. 
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To  begin  a  game  of  blackjack,  two  cards  are  dealt  to  each  player- 
one  face  up  and  the  other  face  down.  The  combination  of  an  ace  with 
either  a  10  or  a  face  card  produces  a  score  of  21  and  is  known  as  a 
natural  or  a  "blackjack."  A  dealer  with  a  natural  wins  all  bets  from 
those  players  without  naturals  and  ties  with  those  players  also  hav¬ 
ing  naturals.  If,  on  the  other  hand,  the  player  has  a  blackjack  while 
the  dealer  does  not,  then  the  player  collects  $3  for  every  $2  in  the 
original  bet. 


Figure  10.12  (Continued) 
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If 

Piayer  in^  rece*Ves  a  blackjack  on  the  first  two  cards  dealt,  then  each 
dealer  to  "k  m  recluest  additional  cards  face  up  by  asking  the 
feels  unable^  !*f  in  °rder  t0  get  a  score  nearer  to  21.  A  player  who 
*he  dealer  //  draw  additional  cards  without  going  over  21  will  tell 

stay,"  and  will  receive  no  further  cards.  In  a  similar 
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TABLE  10-2  SUMMARY  OF  SUBROUTINES  USED  IN  BLACKJACK 
program 


Subroutine  name  rou 

GEN  CARD 


SUIT  SELECT 


POINT  SELECT 


OUTLINE 


PATTERN  DISPLAY 


FORM  DECK 


PACK  DECK 


MESSAGE 


Information 
required  by 
routine 

Information 
delivered  by  routine 

Routine 

starting 

address 

Card  display  point 
in  HL  register  pair. 
Suit  and  point  in  B 
register. 

Displays  selected 
card  on  screen  (uses 
OUTLINE,  SUIT 
SELECT,  AND  POINT 
SELECT  subroutines). 

1020 

Card  display  point 
in  HL  register  pair. 
Suit  and  point  in  B 
register. 

Generates  address  of 
suit  pattern  location  to 
be  displayed. 

Address  placed  in  DE 
register  pair. 

1060 

Card  display  point 
in  HL  register  pair. 
Suit  and  point  in  B 
register. 

Generates  address  of 
card  face  value  pat¬ 
tern  to  be  displayed. 

Address  placed  in  DE 
register  pair. 

1080 

Card  display  point 
in  HL  register  pair. 

Constructs  outline  of  a 
playing  card  on  the 
screen. 

0100 

Pattern  screen 
destination  in  HL 
register  pair.  Pat¬ 
tern  source  in  DE 
register  pair. 

Displays  12-character 
pattern  inside  previ¬ 
ously  drawn  card 
outline. 

0131 

None 

Forms  deck  of  52 
cards  stored  at  mem¬ 
ory  locations  11  GO- 
1133.  LSH  contains 
point  value;  MSH,  suit 
value. 

1040 

Card  location  in 

HL  register  pair. 

Remove  card  from 
deck  and  place  in  reg¬ 
ister  B.  Pack  remain¬ 
ing  cards  together. 

Decrement  C  (deck 
size)  register. 

1F20 

HL  register  pair 
contains  message 
start  point  in 
memory. 

Displays  message  on 
screen,  starting  at 
location  8800  (can 
modify  to  start  at  other 
locations). 

1F40 

325 


325 


326 


326 


327 


327 


327 


328 
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Subroutine  name 
INPUT 


KBD  IN 


RANDOM  I  NIT 


BET 


PACK 


unpack 


check  bet 


create 


cir 


scrn 


Information 
required  by 
routine 

Information 
delivered  by  routine 

None. 

Inputs  character  from 
keyboard  into  A  regis¬ 
ter.  Use  in  conjunction 
with  RANDOM  subrou¬ 
tine  to  generate  each 
card 

None. 

Inputs  character  from 
keyboard  (used  in 
conjunction  with 

INPUT  routine). 

None. 

Generates  random 
numbers  in  B  register 
from  1  to  C  (current 
deck  size)  until  key  is 
struck  on  keyboard. 

Player  enters  4- 
digit  bet  on  key¬ 
board,  followed  by 
an  E  to  enter  bet. 

Bet  appears  on  screen 
as  it  is  typed  in  and  on 
receipt  of  E  is  entered 
in  BET  storage 
register. 

ASCII  character  to 
be  packed  in  A 
register. 

Takes  successive 

ASCII  numeric  charac¬ 
ters  from  A  register  and 
packs  them  into  B. reg¬ 
ister  from  left. 

Two  BCD  digits  to 
be  displayed  in  A 
register.  Display 
address  in  HL  reg¬ 
ister  pair. 

Unpacks  word  in  A 
register  and  displays 
it  on  screen  in  two 
successive  screen 
locations. 

None. 

Checks  if  bet  is  bigger 
than  bankroll.  If  bet  is 
too  large,  tells  player 
to  enter  another  bet. 

None. 

Pulls  card  from  deck 
and  places  card  point 
value  in  A  register. 

Packs  deck. 

None. 

Enter  all  blanks  on 
video  display. 

Routine 

starting 

address 

1FOO 


1  FI  0 


1F50 


1F63 


0090 


00C0 


1FA0 


1FD0 


00F2 


Appendix 
page  no. 

328 


328 

328 


328 


329 


329 


329 

330 

330 
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,  .  .  fhp  other  players  may  request  additional  cards.  When  all 
players  'have  decided  to  stay,  the  dealer  completes  his  or  her  own 

If  the  dealer's  two  original  cards  are  less  than  17,  another  card 
must  be  drawn,  and  if  the  dealer's  total  is  still  below  17,  cards  must 
continue  to  be  drawn  until  either  a  bust  or  a  score  greater  than  16  is 
obtained.  Should  the  dealer's  two  original  cards  exceed  16,  no  more 
cards  may  be  drawn;  that  is,  the  dealer  must  "stand  on  17."  If  no  one 
hits  21  by  the  time  all  players  including  the  dealer  have  completed 
their  hands,  the  one  who  comes  closest  to  this  number  without  going 

bust  (exceeding  21)  is  the  winner. 

The  electronic-game  version  of  blackjack  to  be  discussed  in  the 
remainder  of  this  chapter  follows  all  of  the  rules  previously  presented 
and  basically  operates  in  accordance  with  the  game  flowchart  given 
in  Fig.  10.12.  Unfortunately  the  software  requirements  for  this  game 
are  rather  extensive  (nearly  2  kilobytes),  and  therefore  to  understand 
its  operation,  it  would  appear  best  to  first  discuss  the  organization  of 
the  more  important  program  subroutines  and  later  integrate  these 
into  the  description  of  the  overall  game  design.  A  listing  of  these 
subroutines  is  given  in  Table  10.2  along  with  a  brief  description  of 
their  functions.  The  entire  program  listing  for  each  of  these  routines 
is  contained  in  the  Appendix.  In  addition,  a  memory  map  is  pre¬ 
sented  in  Fig.  10.13  which  illustrates  the  location  of  the  various 
subroutines  in  memory  and  indicates  their  relative  sizes. 


To  begin  the  discussion  of  the  game  subroutines,  let's  again 
review  the  basic  display  system — the  video  RAM.  As  discussed  in 
Sec.  8.1,  the  RAM  displays  a  total  of  16  video  lines  containing  64 
characters  per  line  for  a  total  of  1024  symbols.  These  symbols  may  be 
either  alphanumeric  or  graphic  in  nature  and  follow  the  format 
discussed  in  Chap.  8.  The  alphanumeric  messages  used  in  conjunc¬ 
tion  with  this  game  are  presented  on  the  first  two  video  RAM  lines, 
with  LINE  0  spanning  locations  8800  to  883F  and  LINE  1  locations 
8840  to  887F.  Each  playing  card  displayed  on  the  screen  occupies  a 
screen  area  6  lines  high  by  10  characters  wide.  The  game  allows  a 
single  player  to  compete  against  the  dealer  and  can  display  up  to  5 
player  cards  and  5  dealer  cards. 


The  player's  cards  are  presented  on  lines  2  through  7.  The  upper' 

left-hand-corner  starting  addresses  for  each  of  the  player's  cards  are 

8881,  888D,  8899,  88A5,  and  88B1  for  cards  1  through  5,  respectively- 

e  corresponding  dealer  cards  are  presented  on  lines  8  through  13  a 

addresses  8A41,  8A4D,  8A59,  8A65,  and  8A71  for  cards  1  through  5, 
respectively. 

threp^p^r°CfSS  §enerabng  a  particular  playing  card  consists 
three  separate  steps.  First,  the  outline  of  the  selected  card  is  drawn  at 
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jn  °  *  e  ^en  smarting  addresses  given  in  Fig.  10.14.  Next,  depend- 
is  ph11  Part*cular  card  selected  from  the  deck,  the  suit  of  the  card 
valpe  •  m  uPPer  portion  of  the  card  outline  and  finally  the  face 
13  ls ^entered  on  the  lower  portion  of  the  card.  The  complete  set  of 
c°njun^  °^S  ^  carc*  outhne,  4  suits,  and  13  point  values)  used  in 
0152  th™°n  the  particular  game  is  stored  in  ROM  at  locations 
10.14  r°U^  0290,  and  a  sample  of  these  patterns  is  given  in  Fig. 


To 

in  the^^  an  actua^  game  of  blackjack,  program  execution  is  begun 
Pro8ram  at  rnemory  location  1C00.  The  purpose  of  this 
the  program  is  to  deal  out  the  first  two  cards  to  both  the 
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*> 

<d  o 
.c  -c 


1  3 

-o  "2 

TJ  00 

t?  O 
03 

O  e> 


O  c 

r-  — 

fl)  C  <j) 

"  ;  S 
3  O  ^ 
O)  ^  (0 
£70^ 
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;  (e)  complete  graphics  display  of  a  king  of  diamonds. 
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,  ver  and  the  dealer.  This  routine  begins  by  clearing  ru 
f  -  by  entering  blanks  in  all  video  RAM  locations  Th'  ^  SCreen' 
plished  by  the  CLR  SCRN  subroutine  (see  Appendix).  Fo^mpS' 

with  the  previous  game  discussed,  a  specific  set  nf  mphcity' 
locations  will  be  used  as  "memory  registers"  for  holding  certTinT? 
to  be  used  during  the  game.  This  approach  turns  out  to  be  mn 
convenient  than  using  the  stack  for  storing  this  information  The 
register  listing  employed  with  this  game  is  given  in  Table  10  3  M 

the  start  of/  "eW, Same  “7  ,PlTr  bankro11  (R3  and  R4>  is  initialized 
to  $500  and  the  player  and  dealer  ace  counters  (RE  and  RF)  are  both 

deared  to  zero. 

Once  the  screen  has  been  cleared,  the  first  game  message  id 

displayed:  "HOW  ABOUT  A  GAME  OF  BLACKJACK _ HTT^R  v 

YOU'D  LIKE  TO  PLAY."  To  accomplish  this,  the  contents  of  a 
section  of  memory  (that  section  containing  the  message)  are  simply 
transferred  onto  the  message  portion  of  the  screen.  Rather  than  fix 
the  message  size  to  a  specific  length,  this  transfer  operation  contin¬ 
ues  until  a  special  symbol,  in  this  case  the  @,  is  detected,  terminat¬ 
ing  the  message.  The  specific  subroutine  for  generating  all  of  the 
messages  associated  with  this  game  is  given  in  the  Appendix,  and 
the  actual  ASCII  entry  for  this  specific  message  is  given  for  illustra¬ 
tive  purposes  in  Fig.  10.15.  One  point  is  clear:  storing  messages  for 
use  with  video  games  can  use  up  a  large  number  of  memory  loca¬ 
tions.  In  fact,  the  messages  associated  with  this  game  occupy  nearly  1 
kilobyte  of  data  storage. 

Some  screen  messages  contain  variable  as  well  as  fixed  informa¬ 
tion.  For  example,  in  the  message  "YOU  WON  $500— YOUR  BANK¬ 
ROLL  IS  NOW  $850.  HIT  A  IF  YOU'D  LIKE  TO  PLAY  ANOTHER 

Table  10  3  MEMORY  REGISTERS  USED  IN  THE  BLACKJACK  GAME 


Player 


Dealer 


10A0 

1021 

10A2 

10A3 

10A4 

10A5 


10A6 

lOAg 


Name 

Function 

Address 

Name 

Function 

R0 

Card  subtotal 

10A7 

R7 

Card  subtotal 

R1 

LO  1 

•  Bet  value 

10A8 

R8 

Hidden  card 

R2 

HI  1 

10AC 

RC 

LO  j 

Current  card 

screen 

R3 

LO  1 

■  Bankroll 

l 

10AD 

R0 

HI  ] 

address 

R4 

HI  J 

10AD 

RF 

Dealer  ace  count 

R5 

LO 

Current 

card  screen 

R6 

HI  ; 

address 

RE 

Player  ace  count 
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'HOW  ABOUT  A  GAME  OF  BLACKJACK 
HIT  B  IF  YOU'D  LIKE  TO  PLAY" 


(a) 


C8 

CF 

D7 

AO 

Cl 

C2 

CF 

Cl 

CD 

C5 

AO 

CF 

C6 

AO 

CB 

CA 

Cl 

C3 

CB 

6R 

AO 

D4 

AO 

A2 

C2 

A 2 

AO 

C9 

D7 

A4 

C4 

AO 

CC 

C9 

CB 

AO 

DO 

CC 

Cl 

D9 

CO 

(b) 


05 

C2 

AO 

C6 

C5 


04 

CC 

08 

AO 

AO 


A0  C7 
Cl  C3 
C9  04 
09  CP 
04  CP 


Figure  10.15  (a)  Introductory  message  used  with  blackjack  game-  ( b 
ASCII  equivalent  of  the  message  (note  that  the  last  byte,  the  CO,  is  the  ASCII 
code  entry  for  the  symbol  @). 


GAME  AND  Q  IF  YOU  WANT  TO  QUIT/'  all  of  the  message  infor¬ 
mation  with  the  exception  of  the  bet  winnings  and  bankroll  is  fixed 
Thus  to  create  this  message,  what  is  done  is  to  first  display  the  fixed 
portion  of  the  message,  inserting  blanks  in  those  sections  where 
variable  data  information  must  be  entered.  Next  a  special  UNPACK 
routine  is  called  (see  Appendix)  and  is  used  to  display  the  contents  of 
a  specific  memory  location  on  the  screen.  For  an  example  of  this 
technique,  the  reader  s  attention  is  directed  to  the  portion  of  the 
main  program  contained  in  memory  locations  1C1C  to  1C30  (Fig. 
10.16)  where  the  player's  bankroll  information  (contained  in  memory 
registers  R3  and  R4)  is  displayed  on  the  screen. 

Returning  now  to  the  main  program,  after  the  screen  has  been 

cleared  and  the  game  request  message  displayed,  should  the  player 

strike  key  B,  indicating  an  interest  in  playing  a  game  of  blackjack,  the 

program  will  create  a  new  deck  of  52  playing  cards  in  memory 

locations  1100  to  1133.  This  is  accomplished  by  the  FORM  DECK 

subroutine  which  is  located  at  address  1040  in  the  actual  program 

and  is  listed  in  the  Appendix.  The  format  used  for  the  cards  is  similar 

to  that  previously  discussed  in  Sec.  6.4  in  which  the  most  significant 

hexadecimal  character  in  the  card-byte  determines  the  card's  suit, 

with  a  1  corresponding  to  a  heart,  2  to  a  spade,  3  to  a  club,  and  4  to  a 

diamond,  while  the  lower  4  bits  are  used  to  indicate  the  point  value 
of  the  card. 

This  routine  is  followed  immediately  by  a  message  requesting  the 
p  ayer  to  enter  a  bet  as  a  4  digit  number  followed  by  an  E  for  enter. 

nee  the  bet  has  been  entered,  the  program  checks  the  size  of  the  bet 
to  see  if  it  exceeds  that  of  the  player's  bankroll.  Should  this  be  the 
case,  a  message  will  appear  on  the  screen  announcing  this  fact  an 
requesting  entry  of  a  proper  bet. 

If  the  bet  is  not  excessive,  its  value  will  be  stored  in  the  player ^be 

H  To*™:  at  anC*  anc*  a  message  will  come  up  on  the  screen: 

,  A  CARD.  '  At  this  point  the  program  enters  the  ran  0 

number  generation  (RANDOM)  routine  in  order  to  determine  the 
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first  card  to  select  from  the  deck  (see  Appendix,  page  328).  Unless 
interrupted  by  the  player  striking  a  key  on  the  keyboard,  the  pro¬ 
gram  remains  in  a  loop  in  this  routine  and  continues  to  generate 
random  numbers  between  1  and  N,  where  N  represents  the  number 
of  cards  remaining  in  the  deck.  Thus  initially  this  routine  generates 
numbers  between  1  and  52,  and  as  the  game  progresses  and  the  deck 
size  dt?k.i Ccis0s f  so  does  the  rcinge  of  these  mimbers 

When  the  player  requests  a  card  by  typing  an  H  on  the  keyboard 
the  program  leaves  the  RANDOM  routine,  with  the  final  number 
stored  m  the  B  register  corresponding  to  the  card  selected  from  the 
deck.  Immediately  following  this  card  request  by  the  player  (see 

jdaT  'rue  iTche  rn  program  °f  Fig- 1016).  the  screen  is  cleared 
and  the  CREATE  subroutine  called.  This  routine  pulls  the  selected 

ui  roni  the  deck,  packs  the  deck,  and  places  the  card’s  point  value 

register  (PoT^Tr  ^  P°int  Va'Ue  is  stored  in  the  card  subtotal 

remrded^n  ih?  ,  rm°re'  Sh°uld  *he  Card  be  an  ace' this  fac‘ is 
Wlowinv  m  Pray,er  S  T ZeS  regiSter  (RE)  for  laler  use-  ^mediately 
card  pos!tionS(sCheCkSi' thecard  1S  dlsPlayed  on  the  screen  in  the  first 
Oliver  ™  een  l0Catl°n  8881)-  In  a  similar  fashion,  when  the 

-rd:r,f  Card  hy  typing  H  on  the  keyboard,  the 

Plaver  s  clrdl  !i°  d‘aplayed  on  the  screen-  with  the  subtotal  of  the 
P  -5  s  cards  updated  and  stored  in  R0. 

hvo  clrds^h  °^HS  !YPed  by  the  player  wiU  cause  the  dealer's  first 
cards  will  he  dlspl*yed  °n  the  screen-  However,  the  first  of  these 
will  be  drA\A'«  a  Wn.  aCe  down;  tbat  is'  only  the  outline  for  this  card 
c°unt  will  be  * S  With  the  Player' the  dealer's  point  subtotal  and  ace 
and  RF)  S  °red  m  tbe  aPProPriate  data  memory  registers  (R7 

t  h  * 

l^AA)  to  dfu  nt  3  Check  is  made  (see  Program  steps  1C8F  through 
hdVe  blackiacr^K  6  Whether  or  not  the  dealer,  the  player,  or  both 
with  an  U  (s-  *  lhlS  1S  done  by  comparing  each  of  their  subtotals 
c°nsidered  a  mCe  ^  P°*nt  *n  tbe  game  any  aces  will  have  been 
r°utine  (PLAvPDef]r»and  branching  to  the  appropriate  game-ending 
°btained  a  bl  Pb^ypl^'bOSES,  or  DRAW)  if  anyone  has 

^r°8ram  is  iack‘  ^  no  one  bas  21,  then  at  this  point  the  main 

’S  rridde  (Fie  in  i  and  a  branch  to  the  REMAINING  CARDS  routine 
Up0n  th  ”*  1U17)- 

§creen  incT^*  roubne'  a  message  immediately  comes  up  on 

l(T°  STAY."  jCabn8  that  the  player  should  "HIT  H  FOR  A  HIT  AND 
^  is  t<?styci  to  n  *  is  Portion  of  the  program,  each  time  a  key  is  struck 
4n*  Card  <ef  *  ^  *S  an  °r  an  pacb  time  the  player  requests  a 
^r°Priate  scre^°ted  by  ^^blDOM  subroutine  is  placed  at  the 
feen  location.  In  addition,  the  player  subtotal  and  ace 
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Hexadecimal  code 

Mnemonic 

\ddress 

Instruction  Label 

Instruction 

1C00 

CDF200 

BEGIN: 

CALL 

CLR  SCRN 

03 

210005 

LXI 

H,#0500 

06 

22A310 

SHLD 

#10A3 

09 

210013 

LXI 

H,#1300 

OC 

CD401F 

CALL 

MESS 

OF 

CD501F 

CALL 

RANDOM  1 N  IT 

12 

AF 

ANOTHER: 

XRA 

A 

13 

21AE10 

LXI 

\  1,  #1 0AE 

16 

77 

MOV 

M,A 

17 

23 

INX 

H 

18 

77 

MOV 

M,A 

19 

CD4010 

CALL 

FORM  DECK 

1C 

215013 

LXI 

H,#1350 

IF 

CD401F 

CALL 

MESS 

22 

2  A  A3 10 

LHLD 

#10A3 

25 

5D 

MOV 

E,L 

26 

7C 

MOV 

A.H 

27 

215A13 

LXI 

H,#135A 

2A 

CDC500 

CALL 

UNPACK 

2D 

7B 

MOV 

A,E 

2E 

CDC500 

CALL 

UNPACK 

31 

CD631F 

CALL 

BET 

34 

CDA01F 

CALL 

CHK  BET 

37 

CDF200 

CALL 

CLR  SCRN 

3A 

21 001 D 

LXI 

H,#1  D00 

3D 

CD401F 

CALL 

MESS 

1C40 

CD501F 

CALL 

RANDOM  1  NIT 

43 

CDF200 

CALL 

CLR  SCRN 

46 

CDD31F 

CALL 

SUB  CREATE 

49 

FE01 

CPI 

#01 

4B 

CA511C 

JNZ 

NO  ACE 

4E 

32AE10 

STA 

#10AE 

51 

3AA010 

NO  ACE: 

STA 

#10A0 

54 

218188 

LXI 

H,#8881 

Comment 


5A 

5D 

5F 

62 

65 

68 

69 

6A 

6C 

6D 

6E 

71 

74 

77 

7A 

7B 

7C 


CD2010 
CDD01F 
FE01 
CA651C 
32 AO 10 
21A010 
86 
27 
FE11 
F5 
77 

218D88 

CD2010 

CDD01F 

21A710 

77 

23 

70 


NO  ACEY: 


DEALER 

CARDS: 


CALL 

CALL 

CPI 

JNZ 

STA 

LX  I 

ADD 

DAA 

CPI 

PUSH 

MOV 

LXI 

CALL 


GEN  CARD 
CREATE 
#01 

NO  ACE 
#10AE 
H,#1 0A0 
M 

#11 

PSW 

M.A 

H,#888D 
GEN  CARD 


CALL  CREATE 
LXI  H,#1 0A7 
MOV  M,A 
INX  H 
MOV  M,B 


Begin  entire  new  game. 

Initialize  bankroll  to  $500. 

Message:  “HOW  ABOUT  A  GAME 
OF  BLACKJACK" 

Start  another  round. 

Clear  ace  count  of 
player  and  dealer. 


Message:  “YOU  HAVE  $  .  .  .  “ 
Load  bankroll  to  HL  pair. 


Displays  bankroll  message 
on  screen  in  space  left 
by  previous  message. 

Enter  bet  in  dollars. 

Check  if  bet  <  bankroll. 

If  here,  bet  is  OK  and  are 
ready  to  deal  cards. 

Message:  “HIT  H  TO  DEAL  CARD" 
Generate  random  number  for 
1st  player  card. 

Create  new  card,  pack  deck, 
place  point  value  in  A. 

Check  for  ace. 

Record  ace  value. 

Store  partial  sum. 

Initialize  1st  player  card  location. 
Display  card  on  screen. 

Pull  2d  card  from  deck. 

Check  for  ace. 

Save  in  ace  register  if  drawn. 
Update  player  point  total. 

Does  player  have  21? 

Save  result  for  later. 

Store  point  total. 

Initialize  2d  card  location. 

Display  2d  player  card. 

Pull  1st  dealer  card. 

Store  dealer  partial  sum. 

Store  1st  card  for  later. 


and  deale'/6  ^*a'n  pro9ram  of  Blackjack — deals  first  two 


cards 
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Hexadecimal  code 
Address  Instruction  Libel 


Mnemonic 


Instruction  Comment 


1C7D 

81 

82 

85 

86 
87 
8A 
8D 
8E 
8F 

91 

92 

93 
96 
99 
9A 
9D 
9E 
A1 
A4 
A5 
A8 


2141 8A 

C5 

E5 

COOOOI 

El 

Cl 

CDD01F 

21A710 

86 

27 

FE11 

77 

F5 

214D8A 

CD2010 

FI 

CAA41C 

FI 

CA0017 

C3201E 

FI 

C26517 

C3F717 


DEAL  21: 


LX  I 

PUSH 

PUSH 

CALL 

POP 

POP 

CALL 

LXI 

ADD 

DAA 

CPI 

MOV 

PUSH 

LXI 

CALL 

POP 

JZ 

POP 

JZ 

JMP 

POP 

JNZ 

JMP 


H,#8A41 

B 

H 

OUTLINE 

H 

B 

CREATE 

H,#10A7 

M 

#11 

M.A 

PSW 

H,#8A4D 
GEN  CARD 
PSW 
DEAL  21 
PSW 

PLAY  WIN 


Dealer  card  screen  location. 

Hide  card  value  but  show  outline. 


Pull  dealers  2d  card 
Initialize  dealer  subtotal  location 
Form  subtotal. 

Check  for  dealer  21. 

Save  partial  sum. 

Save  21  answer  on  stack. 

Set  up  2d  card  address. 

Check  for  dealer  21. 


If  here,  dealer  does  not  have 
21.  Check  for  player  21. 

NEX  PLAYCARD 

PSW  If  here,  dealer  has  21.  Check 

PLAY  LOSE  for  player  21. 

DRAW  If  here,  both  have  21. 


I 

.  % 


Figure  10.16  (Continued) 

number^  £UEdated'  and  a  check  is  made  to  see  if  the  maximum 
Shouldtl?-  Carc^s  aEowed  on  the  screen  (five)  has  been  exceeded. 

|L  ;?.be  tbe  case/  a  message  will  appear  on  the  screen  indicat- 
FIVE-so  ^XIMUM  NUMBER  OF  CARDS  IN  THIS  GAME  IS 
OR  n  rrV iT  S  A  DRAW— HIT  A  IF  YOU'D  LIKE  ANOTHER  GAME 

BesT°  QUIT" 

it  is  B(JST  card_count  check,  the  player  subtotal  is  tested  to  see  if 
inches  /  9t  *S'  ^  **  exceeds  21.  If  this  is  the  case,  the  program 
Subtotal  isW  ^bA^BR~EOSES  routine,  and  the  game  is  over.  If  his 
!°cati0n  bjpy  under  22,  however,  the  program  simply  loops  back  to 
ari°ther  card  ^7A^D  and  asks  whether  or  not  the  player  wishes 
phyer  mod  ben  the  player  requests  to  stay,  the  program  exits  the 
Pr°§ram.  6  and  enters  the  DEALER-CARDS  portion  of  the 
At 

J^randdisl!  roufine,  the  dealer's  face-down  card  is  turned 

di  ess  than  ,»^ed'  and  a  check  is  made  on  the  point  total  to  see  if  it 
htpLyed:  "RrrShould  tEis  be  the  case,  the  following  message  is 
vvij,S  D°Ne."  p  H  TO  GIVE  DEALER  A  CARD  UNTIL  HE  SAYS 
the  ,  e  ^knjav  acb  dme  an  H  key  is  depressed,  another  dealer  car 
°tal  numb  d  and  the  dealer's  subtotal  and  ace  count  updated.  I 
er  of  dealer  cards  exceeds  five,  the  game  terminates 
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Hexadecimal  code  Mnemonic 


Address 

Instruction 

Label 

Instruction 

Comment 

1E20 

218D88 

NEX  PLAY  CD: 

LXI 

H,#888D 

- — - 

23 

22A510 

SHLD 

#10A5 

Store  address  for  3d  player 

26 

21401 D 

NEX  CARD: 

LXI 

H,#1  D40 

Message:  HIT  H  FOR  hit's  cam 

29 

CD401 F 

BACK: 

CALL 

MESS 

for  STAY 

2C 

CD521F 

ONE  MORE: 

CALL 

RANDOM 

Picks  card  for  next  cycle 

2F 

FED3 

CPI 

#D3  1 

31 

CA801E 

JZ 

DEALER  CARD  i 

Check  for  "STAY". 

34 

FE 

CPI 

#CB  1 

36 

CA401E 

JZ 

HIT  ONE  i 

Check  for  "HIT". 

39 

212010 

LXI 

H,#1020 

3C 

C3291E 

JMP 

BACK 

1 E40 

2AA510 

HIT  ONE: 

LHLD 

#10A5 

43 

70 

MOV 

A,L  ] 

Update  address  on 

4.4 

C60C 

ADI 

#0C 

screen  for  next  card 

46 

6F 

MOV 

L,A 

47 

FEBD 

CPI 

#BD 

Check  for  too  many  cards. 

49 

C2521E 

JNZ 

OK 

4C 

219011 

LXI 

H.#1 190 

Message:  "...  HIT  A  IF 

4F 

CD401 F 

CALL 

MESS 

YOU'D  LIKE  ANOTHER  GAME  . 

52 

22A510 

OK: 

SHLD 

#10A5 

Save  address. 

55 

E5 

PUSH 

H 

Save  address  of  card  on  stack. 

56 

CDD31F 

CALL 

SUB  CREATE 

Generate  another  card. 

59 

CDDOIE 

CALL 

ACE  CHK 

Bring  in  previous  subtotal. 

5C 

86 

ADD 

M 

5D 

27 

DAA 

Form  new  subtotal 

5E 

77 

MOV 

M,A 

and  save. 

1 E5F 

El 

POP 

H 

Get  back  screen  address. 

60 

F5 

PUSH 

PSW 

61 

CD2010 

CALL 

GEN  CARD 

Display  next  player  card. 

64 

FI 

POP 

PSW  1 

65 

FE22 

CPI 

#22  J 

Check  for  player  over  21. 

67 

DA2C1E 

JC 

ONE  MORE 

Ask  if  player  wants  another  card. 

6A 

C36517 

JMP 

PLAYER  LOSES 

Player  is  over  21. 

1 E80 

3AAB10 

DEALER  CARD:  LDA 

#10A8 

Bring  back  1st  card. 

83 

47 

MOV 

B,A 

84 

21418A 

LXI 

H,#8A41 

Screen  location  of  1st  card. 

87 

CD2010 

CALL 

GEN  CARD 

Turn  over  1st  dealer  card. 

8A 

3AA710 

LDA 

#10A7  | 

8D 

FE17 

CPI 

#17  i 

Check  if  dealer  total  =£  16- 

8F 

D2B017 

JNC 

FINAL  TALLY 

Message  “HIT  H  TO  GIVE  DEALER 

92 

216014 

LXI 

H,#1460 

CARDS  UNTIL  HE  SAYS  HE  S 

95 

CD401F 

CALL 

MESS 

DONE".  .rH 

98 

214D8A 

LXI 

H,#8A4D 

Set  up  address  for  3d  dealer  cam 

9B 

22AC10 

SHLD 

#10AC 

9E 

7D 

NEW  CARD: 

MOV 

A,L 

Move  card  address  pointer 

9F 

C60C 

ADI 

#0C 

one  card  to  right. 

A1 

6F 

MOV 

L,A 

Check  for  too  many  cards. 

A2 

FE7D 

CPI 

#7D 

A4 

C2AD1E 

JNZ 

OKI 

A7 

219011 

LXI 

H,#1 190 

Too  many  cards  message. 

AA 

CD401F 

CALL 

MESS 

1EAD 

22  AC  10 

OKI: 

SHLD 

#10AC 

BO 

E5 

PUSH 

H 

Figure  10.17  REMAINING  CARDS  routine  for  the  Blackjack  program 


f 


Mnemonic 
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Hesdd1' 

CWlfil  CiW 

i  • v 

B1 

ln<iriu  tion 

/  iibcl 

CDD01F 

04 

CDD01E 

0/ 

86 

08 

27 

B9 

77 

0A 

El 

0B 

F5 

BC 

CD2010 

BF 

FI 

CO 

FE1 7 

C2 

D2B017 

C5 

2AAC10 

C8 

C39E1E 

1  EDO 

FE01 

ACE  CHK: 

D2 

C2D81E 

D5 

3AAF10 

08 

21A710 

NO  ACE: 

DB 

C9 

Instruction  Comment 


CALL  CREATE 
CALL  ACE  CHK 
ADD  M 
DAA 

MOV  M.A 
POP  H 
PUSH  PSW 
CALL  GEN  CARD 
POP  PSW 
CPI  #17 
JNC  FINAL  TALLY 
LHLD  #1 OAC 
JMP  NEW  CARD 


Generate  next  card. 
Bring  in  dealer  subtotal. 

Update  dealer  subtotal. 


Place  card  on  screen. 

Check  if  dealer  ^  17 
(no  carry). 

Bring  in  for  new  card  address. 


CPI  #01  Check  for  ace. 

JNZ  NO  ACE 

STA  #10AF  Record  ace  in  player  ace. 

LXI  H,#10A7  Bring  in  dealer  register  subtotal. 

RET 


Figure  10.17  (Continued) 

and  ends  in  a  draw.  Once  the  dealer's  point  score  is  greater  than  16, 
the  program  branches  to  FINAL-TALLY  routine,  where  a  final  deci¬ 
sion  is  made  on  the  outcome  of  the  game.  A  complete  listing  of  this 
portion  of  the  blackjack  program  is  contained  in  Fig.  10.18.  It  consists 
of  three  major  subprograms:  PLAYER-WINS,  starting  in  memory 
location  1700;  PLAYER-LOSES,  starting  at  1765;  and  the  FINAL- 
TALLY  routine  itself,  beginning  at  memory  location  17B0. 

At  the  start  of  the  latter  subprogram,  both  the  player  and  dealer 
point  counts  are  maximized  by  checking  their  respective  ace 
counters  and,  where  appropriate,  adding  10  to  the  point  tallies  in 
order  to  maximize  each  of  the  scores  without  going  over  21.  Next  the 
PLyer  and  dealer  point  totals  are  compared,  with  branching  to  the 
appropriate  subprogram  determined  as  shown  in  Table  10.4.  Note 
at  this  point  in  the  game  the  player's  score  cannot  be  ov^r 
L^ce  had  this  occurred  earlier,  a  branch  would  immediate  y  a 
meen  made  to  the  PLAYER-LOSES  routine.  Should  a  draw  °ccur'  e 
C'T  "NOBODY  WINS — IT'S  A  DRAW"  is  displayed  and  a 
' *  back  to  the  CHECK-KEYBOARD  routine  (address  ) 

a  ne!,  °  ^  if  the  PlaVer  wants  t0  initiate  another  round  °  P  !vi'n!  of 

lhe7ameme  emire‘y'  °r  perhapS  eVCn  disCOntinUe  fUr  P  8 

-ifr  deCides  lo  <luit'  the  pr°gram.stardn|5a0t0adsfarueS  and, 

the  current  bankroll  with  the  initial  $ 
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Hexadecimal  code 


Mnemonic 


Address  Instruction  Label 


Instruction 


Comments 


1700 

216115 

PLAYER  WINS:  LXI 

H,#1 561 

03 

CD401F 

CALL 

MESS 

06 

119999 

LXI 

D,#9999 

09 

2AA110 

LHLD 

#1 0A1 

OC 

7D 

LOOP: 

MOV 

A.L 

0D 

CC98 

ADI 

#98 

OF 

27 

DAA 

10 

6F 

MOV 

L,A 

11 

7C 

MOV 

A,H 

12 

CE99 

ACI 

#99 

14 

27 

DAA 

15 

67 

MOV 

H,A 

16 

F5 

PUSH 

PSW 

17 

3E01 

MVI 

A,  #01 

19 

83 

ADD 

E 

1 A 

27 

DAA 

IB 

5F 

MOV 

E,A 

1C 

3E00 

MVI 

A,  #00 

IE 

bA 

ADC 

D 

IF 

27 

DAA 

20 

57 

MOV 

D,A 

21 

FI 

POP 

PSW 

22 

DA0C17 

JC 

LOOP 

25 

2AA110 

LHLD 

#1 0A1 

28 

7D 

MOV 

A,L 

29 

83 

ADD 

E 

2A 

27 

DAA 

172B 

5F 

MOV 

E,A 

2C 

7C 

MOV 

A,H 

2D 

8A 

ADC 

D 

2E 

27 

DAA 

2F 

57 

MOV 

D,A 

30 

2  A  A3 10 

LHLD 

#1 0A3 

33 

7D 

MOV 

lA,L 

34 

83 

ADD 

E 

35 

27 

DAA 

36 

6F 

MOV 

L,A 

37 

7C 

MOV 

A,H 

38 

8A 

ADC 

D 

39 

27 

DAA 

3A 

67 

MOV 

H,A 

3B 

22  A3 10 

SHLD 

#1 0A3 

3E 

45 

MOV 

b,l 

3F 

212588 

LXI 

H,#8825 

42 

CDC500 

CALL 

UNPACK 

45 

78 

MOV 

A,B 

46 

CDC500 

CALL 

UNPACK  . 

49 

210988 

LXI 

H,#8809 

4C 

7  A 

MOV 

A,D 

4D 

50 

CDC500 

7B 

CALL 

MOV 

UNPACK 

A.E 

51 

54 

CDC500 

CD101F 

CHECK  KBD 

CALL 

CALL 

UNPACK  . 
KBD  IN 

Message:  “YOU  WON,  YOUR 
BANKROLL  IS  NOW 

Initialize  dividend  register. 
Bring  in  bet  and  multiply 
by  3/2. 


Subtract  two  via  10s 
complement  from 
HL  pair. 

When  done,  HL  =  0  (Save  flags). 


Increment  DE  by  1 
decimally. 

When  done  looping, 
1/2  bet  is  in  DE. 


Check  if  done  looping. 
Put  bet  in  HL. 


Form  3/2  bet  and 
put  answer  in  DE. 


Bring  in  bankroll. 


Add  winnings  to 
bankroll. 


Save  new  bankroll. 

Save  L  in  B.H  still  in  A. 
Bankroll  screen  position. 
Display  bankroll  within 
winnings  message. 

BET  screen  position 

Display  bet  within 
winnings  message. 


Figure  10.18  The  PLAYER-WINS,  PLAYER-LOSES,  and  FINAL-TAI 
program  for  Blackjack. 
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Hexadecimal  code 
Address  Instruction 


Mnemonic 


Label 


Instruction  Comments 


1757 

FEOI 

CPI 

#D1 

59 

CABA10 

JZ 

QUIT 

5C 

FEC2 

CPI 

#C2 

5E 

CA001C 

JZ 

BEGIN 

61 

C3121C 

JMP 

ANOTHER 

PLAYER 

1765 

2AA310 

LOSES: 

LHLD 

#10A3 

68 

EB 

XCHG 

69 

2AA110 

LHLD 

#10A1 

6C 

37 

STC 

6D 

3E99 

MVI 

A,  #99 

6F 

CE00 

ACI 

#00 

71 

95 

SUB 

L 

72 

83 

ADD 

E 

73 

27 

DAA 

74 

6F 

MOV 

L,A 

75 

3E99 

MVI 

A, #99 

77 

CE00 

ACI 

#00 

79 

94 

SUB 

H 

7A 

82 

ADD 

D 

7B 

27 

DAA 

7C 

67 

MOV 

H,  A 

7D 

22 A3 10 

SHLD 

#10A3 

80 

5B 

ZERO  CHECK:  ORA 

L 

81 

C28E17 

JNZ 

YOU  LOST 

84 

211516 

LXI 

H.#1615 

1787 

C39117 

JMP 

MESS1 

178E 

21B315 

YOU  LOST: 

LXI 

H.15B3 

91 

CD401 F 

MESS  1 

CALL 

MESS 

CHECK 

94 

C35417 

JMP 

KBD 

17B0 

3AA010 

FINAL  TALLY: 

LDA 

#10A0 

B3 

FE12 

CPI 

#12 

47 

MOV 

B,A 

pc 

DEALER 

Rq 

02C517 

JNC 

POINTS 

oy 

BC 

3AAE10 

LDA 

#1 0AE 

B7 

ORA 

A 

bd 

CO 

C2 

C3 

C4 

C5 

C8 

CA 

cb 


CAC517 

3E10 

80 

27 

47 

3AA710 
PE \2 

4F 

°20817 


dealer 

POINTS: 


JZ 

MVI 

ADD 

DAA 

MOV 

LDA 

CPI 

MOV 

JNC 


DEALER 

POINTS 

A.  #10 
B 

B. A 

#10A7 

#12 

C. A 

NO  FIX 


p,9ure 


Check  for  “Q 
Check  for  “B". 

Go  here  if  key  A  or  any  other  struck. 

Bring  in  bankroll. 

Put  bankroll  in  DE 
Bring  in  bet 


Subtract  bet  from 
bankroll. 

Final  result  in  HL. 


Store  updated  bankroll. 


Message:  “IT  SEEMS  YOU  ARE 
OUT  OF  MONEY" 


Message:  “CM  SORRY  YOU  LOST, 
YOUR  LUCK  IS  BOUND  TO 
CHANGE _ ” 


Bring  in  player  point  total 
if  >  11,  then  count  aces  as 
1  s  so  don  t  add  10 


Load  ace  count  and  add  10  if  any. 
Set  flags. 

Add  10  to  score 

Final  player  pomt  score  in  B 

Bring  in  dealer  points  total 
Is  score  >  1 19 


18 


(Continued) 


280  Electronic  Games 


Hexadecimal  cede 

Mnemonic 

Address 

Instruction 

Label 

Instruction 

Comments 

CE 

3AAF10 

LDA 

#10AF 

Any  aces? 

D1 

B7 

ORA 

A 

D2 

CAD817 

JZ 

NO  FIX 

D5 

3E10 

MVI 

A, #10 

D7 

81 

ADD 

C 

1  7D8 

FE22 

NO  FIX: 

CPI 

#21 

Is  dealer  >21? 

DEALER 

DA 

D2E717 

JNC 

OVER 

DD 

4F 

MOV 

C,A 

If  here,  dealer  not  over.  Save 

DE 

78 

MOV 

A.B 

dealer  points  in  C.  Check 

DF 

FE22 

CPI 

#22 

player  for  >21. 

PLAYER 

El 

D26517 

JNC 

LOSES 

E4 

C3F017 

JMP 

COMPARE 

If  here,  neither  is  over. 

DEALER 

E7 

78 

OVER: 

MOV 

A,B 

Check  if  player  over. 

E8 

FE22 

CPI 

#22 

EA 

D2F717 

JNC 

DRAW 

PLAYER 

ED 

C30017 

JMP 

WINS 

FO 

BA 

COMPARE: 

CMP 

C 

Player  is  in  A;  dealer  in  C. 

PLAYER 

FI 

DA6517 

JC 

LOSES 

PLAYER 

F4 

C20017 

JNZ 

WINS 

Message:  “NOBODY  WINS— IT’S  A 

F7 

21A914 

DRAW: 

LXI 

H,#14A9 

DRAW.” 

FA 

CD401F 

CALL 

MESS 

CHECK 

FD 

C35417 

• 

JMP 

KBD 

1800 

2AA310 

QUIT: 

LHLD 

#1 0A3 

Bring  in  bankroll. 

03 

3E05 

MVI 

A,#05 

Compare  current  bankroll 

05 

BC 

CMP 

H 

with  starting  bankroll  (S500). 

06 

212F16 

LXI 

H,#1 62F 

Message:  "I’M  SORRY  YOU 

09 

D20F18 

JNC 

OUT 

LOST  MONEY  .  .  .” 

Message:  "CONGRATULATIONS 

OC 

212C15 

LXI 

H,#152C 

ON  YOUR  WINNINGS  . .  " 

OF 

CD401F 

OUT: 

CALL 

MESS 

CHECK 

12 

C35417 

JMP 

KBD 

Look  for  a  new  game. 

Figure  10.18  (Continued) 

depending  on  whether  the  player  has  won  or  lost  money 
game,  displays  either  the  "CONGRATULATIONS  ON  YOUR  W 
NINGS— I  HOPE  WE'LL  SEE  YOU  HERE  AGAIN  SOON"  or 

SORRY  YOU  LOST  MONEY— BETTER  LUCK  NEXT  T 
message. 

If  the  player  has  beaten  the  dealer,  a  branch  to  the  PLAYER  e&e 
routine  occurs  and  the  player's  bet  is  multiplied  by  1-5.  thc 
winnings  are  then  added  to  the  player's  bankroll,  with .*> 
winnings  and  new  bankroll  displayed  in  the  message 
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ABLE  10.4  BRANCHING  DECISIONS  FOR 
FINAL-TALLY  PORTION  OF  THE  BLACKJACK 

game 


Condition 

Branch  to 

Player  ss  21  and  Dealer  >  21 

PLAYER-WINS 

Both  <  21  But 

Player  >  Dealer 

PLAYER- WINS 

Player  =  Dealer 

DRAW 

Player  <  Dealer 

PLAYER-LOSES 

$ -  —YOUR  BANKROLL  IS  NOW  $ _  HOW  ABOUT 

ANOTHER  GAME?  Since  this  portion  of  the  program  is  somewhat 
complex,  a  brief  description  of  its  operation  will  be  given. 

In  order  to  multiply  the  bet  by  1.5,  the  bet  is  first  divided  by  2  and 
then  this  result  simply  added  to  the  original  bet.  Were  this  bet 
information  available  in  pure  binary  form,  the  division  by  2  could 
simply  be  accomplished  by  shifting  the  information  1  bit  to  the  right, 
owever,  since  this  data  must  be  displayed  in  conventional  decimal 
ollar  notation,  the  bet  information  is  stored  in  memory  registers  R1 

T  ^  format.  As  a  result,  this  division  process  is  accom- 
P IS  ed  by  seeing  how  many  2s  there  are  in  the  bet,  that  is,  by 
theCeSS^Ve^  subtracting  2  from  the  bet  value  while  keeping  track  of 
zero01^^1-  of  subtractions  required  to  reduce  the  original  bet  to 
(se°  ^  COurse  this  subtraction  must  be  done  in  lOs-complement 
0riei^r^ram  Steps  1^06  through  1724).  When  completed,  half  of  the 
to  the  *S  s*ore<^  the  OE  register  pair,  and  this  is  simply  added 
q  °rigirial  bet  to  form  the  player's  winnings  for  the  round, 
j  *  e  °^er  hand,  should  the  player  lose,  then  the  amount  of  the 
SORRvSU'traCted  ^rom  the  player's  bankroll  and  the  message  I  M 
H0\v  aYOU  LOST— YOUR  LUCK  IS  BOUND  TO  CHANGE— 
mess*  „OUT  ANOTHER  GAME?"  is  displayed,  followed  by  the 
Start  a  ??rT  A  TO  pLAY  ANOTHER  GAME,  Q  TO  QUIT,  OR  B  TO 
hy  tj^  GAME."  If  the  player's  bankroll  was  reduced  to  zero 

c°n(lolpneV*OUS  ^oss'  then  the  game  is  terminated  and  the  follovwng 

Today  u!  message  issued:  "IT  SEEMS  YOU'RE  OUT  OF  MONEY— 
ASN'T  YOUR  DAY,  BUT  COME  BACK  SOON." 


In  the  preceding  10  chapters  we  have  discussed  the  technical  princi¬ 
ples  and  functions  of  electronic  games  as  well  as  game  parameters 
and  special  features.  This  chapter  is  devoted  to  a  description  of  actual 
electronic  games  now  on  the  market.  All  three  categories,  board 
games,  TV  games,  and  arcade,  or  coin-operated,  electronic  games  are 
represented,  but  space  limitations  dictate  a  selection  of  those  elec¬ 
tronic  games  that  are  most  typical.  In  the  presentation  that  follows,  a 
general  description  of  the  basic  game  and  its  variations  is  followed 
by  a  brief  technical  discussion.  Special  features  are  included,  as  are 
the  name  and  address  of  the  manufacturer  for  those  who  wish  to 
write  for  more  details. 


C0DE  NAME:  SECTOR  (Parker  Brothers) 

^bis  board  game  is  produced  by  the  manufacturers  of  the  original 
°nopoly  real  estate  trading  game.  As  illustrated  in  Fig.  11-1/  t  e 
8anie  consists  of  a  board  resembling  a  grid  map  of  a  portion  o  t  e 
°Cean:  a  control  panel,  and  a  display  panel.  Up  to  four  players  can 
articipate,  and  the  object  is  to  hunt  down  the  hidden  su  marine 
!?Ch  Player  plots  a  destroyer's  course  in  a  different  color  on  the  grid 
aP-  Crayons,  a  parallel  ruler,  and  a  cloth  to  wipe  out  the  cray 
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Figure  11.1  CODE  NAME:  SECTOR  (©  1977  Parker  Brothers). 

markings  are  included  with  the  game.  Locations  of  surface  ships  and 
of  the  hidden  submarine  are  stored  by  the  microcomputer. 

A  6-digit  LED  display  indicates  which  ship  is  being  controlled, 
what  its  speed  is,  and  what  its  range  to  the  hidden  submarine  is.  In 
addition,  four  pinpoint  LEDs  show  the  direction  of  the  controllei 
ship  with  reference  to  eight  compass  points  (N,  S,  W,  E  and  NE,  NW, 
SE,  SW).  The  game  contains  many  realistic  features,  such  as  the 
submarine's  ability  to  change  location  each  time  a  pursuit  ship 
moves.  When  a  submarine  is  sunk,  another  appears,  and  the  lengt ' 
of  the  game  can  range  from  half  an  hour  to  many  hours.  Althoug 
advertised  for  children  of  12  years  and  older,  this  game  will  undou 
edly  be  played  by  adults  because  of  the  great  potential  of  menta 
challenge. 


Technical  Description  Code  Name:  Sector  contains  a  single  inte 
grated  circuit.  This  is  a  custom-made  IC  which  Texas  Instruments 
has  designed  specifically  for  Parker  Brothers.  Based  on  the  TI  farm  > 
of  TMS-1000  microprocessors,  this  IC  includes  a  RAM  which  cai^ 
store  64  four-bit  words  and  a  ROM  which  stores  1000  e*S  *  * 
words.  Also  included  in  the  IC  are  all  of  the  LED  drivers.  E  ev^ 
pushbuttoms  comprise  the  keyboard,  and,  in  addition,  two  mo  ^ 
controls  can  be  reached  by  pressing  a  small,  recessed  button  vvl  ^ 
bail-point  pen.  One  control  adds  complexity  to  the  regulai  Pl0^^e 
of  evasive  tactics  of  the  hidden  submarine.  The  other  disp  a> 
submarine's  location  and  heading. 


Special  Features  By  depressing  the  "teach"  mode  button  the  play 
ers  can  start  the  special  teaching  program.  In  this  mode  a'  comp  el 
submarine  hunt  is  enacted  with  each  action  carefully  explained! 
the  game  s  instruction  book  and  each  LED  display  precisely  pro 
grammed  to  match  the  instruction  book.  AH  possible  courses  fea 
tures,  and  errors  occur  in  this  teaching  program 

Code  Name:  Sector  can  be  played  by  one  individual  as  com¬ 
mander  of  as  many  as  four  ships  against  the  computer,  or  it  can  be 
played  by  as  many  as  four  individual  players  competing  against  each 
other  as  to  who  can  sink  the  hidden  sub  first. 


Manufacturer  Parker  Brothers,  Division  of  General  Mills  Fun  Group 
Inc.,  190  Bridge  Street,  Salem,  MA  01970.  F 


CHESS  CHALLENGER  (Fidelity  Electronics) 

This  electronic  game  actually  represents  one  of  the  classic  board 
games  because  it  permits  the  individual  to  play  chess,  on  a  regular 
chessboard,  against  a  computer.  As  illustrated  in  Fig.  11.2,  data  is 
entered  on  a  12-button  keyboard  and  displayed  on  four  LED  numer¬ 
als.  Two  additional  LED  lights  indicate  "check"  or  "I  lose." 

Each  of  the  squares  on  the  chessboard  is  identified  by  a  numeral 
and  letter  so  that  only  eight  keys  are  required  to  specify  any  square. 
The  remaining  four  keys  are  used  to  enter  moves  into  the  computer, 
to  clear  out  unwanted  moves  before  pressing  "enter,"  to  make  dou¬ 
ble  moves,  such  as  castling,  and,  finally,  to  reset  the  game. 

When  a  game  starts,  the  positions  of  the  white  and  black  pieces 
are  stored  automatically  in  the  computer's  memory.  Each  time  a 
move  is  made,  the  computer  stores  the  newly  entered  position  of  the 
particular  piece.  When  the  next  move  is  made,  you  only  have  to  enter 

e  position  from  which  you  are  moving  a  piece  and  that  to  which 
you  are  moving  it.  The  rules  of  chess  are  stored  in  the  computer's 
memory,  and  the  computer  will  indicate  when  illegal  moves  have 
een  made.  For  every  move  the  player  enters,  the  computer  will 
mdicate  its  best  countermove. 

schnical  Description  All  of  the  electronics  of  the  Chess  Challenger 
v  6  COrdained  on  a  single  printed-circuit  board.  For  the  advanced 
Jrsion,  these  electronics  consist  of  14  ICs  and  28  transistors,  which 
£h  l!Se<^  3S  drivers,  one  per  segment.  The  heart  of  the  Chess 
q0  eri8er  is  a  type  8080  microprocessor,  made  by  Nippon  Electric 
R0wWlth  2  kilobytes  of  ROM  for  the  basic  version  and  4  kilobytes  of 
0r  the  advanced  version.  Chess  rules  programs  are  stored  in 
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Figure  11.2  Chess  Challenger  (Fidelity  Electronics 
Ltd.). 


the  ROM,  and,  because  the  advanced  version  has  three  levels  of 
difficulty,  the  larger  memory  is  required.  Both  versions  contain  512 
bytes  of  RAM,  which  stores  the  positions  and  the  individual  moves 
of  the  chess  pieces.  All  ICs  are  standard,  off-the-shelf  parts,  but  the 
manufacturer  expects  to  perform  all  repairs  at  the  factory. 

Special  Features  In  the  updated  version  of  Chess  Challenger  it  is 
possible  to  select  three  levels  of  sophistication.  When  the  game  is 
normally  turned  on,  the  designation  "CL1"  (chess  level  1)  will  appear 
in  a  display  window,  indicating  the  first  level  of  complexity.  By 
pressing  the  clear  button  once,  this  can  be  increased  to  "CL2";  by 
depressing  it  a  second  time,  "CL3,"  maximum  difficulty  is 
obtained. 

Ordinarily  the  computer  plays  the  dark  and  the  player  the  light 
pieces.  It  is  possible,  however,  for  the  player  to  select  the  dark  pieces 
and  have  the  computer  play  the  offense.  This  special  feature  is 
particularly  helpful  in  learning  chess  and  provides  variety  for  the 
experienced  player. 

Manufacturer  Fidelity  Electronics  Ltd.,  5245  Diversy  Avenue,  Chi¬ 
cago,  IL  60639. 

MISSILE  ATTACK,  AUTORACE,  AND  FOOTBALL  (Mattel  Electronics) 

While  these  three  games  come  under  the  category  of  board  ga^e^ 
they  are  much  more  like  hand-held  calculators.  None  of  t 
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requires  a  TV  set  and  all  of  them  have  basically  the  same  type  of 
display  and  control  circuits.  As  illustrated  in  Fig.  11.3,  Missile  Attack 
lets  the  player  manipulate  a  missile  from  the  bottom  of  the  disnlav  in 
order  to  intercept  an  enemy  coming  down  from  the  top  There  am 
three  possible  paths  for  either  the  enemy  missile  or  the  antimissile 
missile.  The  position  ol  the  antimissile  missile  is  controlled  bv  the 
player,  while  the  enemy  missile's  position  is  controlled  by  the  inter 
nal  logic-  A  "fire"  button  starts  the  antimissile  missile  in  response  to 
whatever  missile  the  computer  sends  down.  The  display  consists  of  a 
3  x  9  matrix  of  small,  rectangular,  LED  dots.  Movement  is  simulated 
by  lighting  up  one  LED  after  the  next.  The  dot  indicating  the  anti¬ 
missile  missile  is  brighter  than  that  for  the  enemy  missiles.  A  2-digit 
numerical  LED  display  shows  the  score.  When  one  of  the  enemy 
missiles  reaches  its  target,  the  first  few  bars  of  taps  are  played 
The  same  type  of  3  x  9  LED  matrix  display  is  used  for  Autorace 
and  Football.  In  the  Autorace  game,  the  player  controls  the  steering 
of  a  car,  indicated  by  a  bright  LED,  to  avoid  oncoming  cars.  Speed  is 
controlled  by  a  four-position  gearshift  switch.  The  buzzing  sound 


9U|,e  11.3  Missile  Attack  (Mattel  Electronics). 
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heard  whenever  the  car  is  running  increases  in  pitch  with  the  speed 
As  in  most  racing  games,  there  is  some  penalty  due  to  loss  of  time 
after  each  collision,  and  the  car  may  even  be  returned  to  the  starting 
point.  Each  time  the  car  reaches  the  top  of  the  display,  one  lap  if 
completed.  A  2-digit  LED  display  shows  the  elapsed  time  in  seconds 
In  the  football  game,  the  LED  matrix  display  is  arranged  horizon¬ 
tally  and  placed  in  a  representation  of  a  football  stadium.  The  player 
controls  the  movement  of  the  running  back,  while  the  game  logic 
controls  the  defensive  players  of  the  opposite  team.  The  scores  of 
both  teams  and  the  elapsed  time  are  indicated  by  numerical  LED 
displays  and  can  be  accessed  by  depressing  either  the  "status"  or  the 
"score"  push  button.  The  motion  of  the  running  back  is  controlled 
by  three  push  buttons,  one  for  forward  or  backward  and  the  other 
two  for  up  or  down.  A  separate  "kick"  button  permits  the  use  of  the 
goal  kick.  As  in  real  football,  the  referee's  whistle  is  heard  whenever 
you  lose  the  ball. 


Technical  Description  Each  of  the  three  games  uses  the  same  basic 
display  module.  Apparently  fabricated  by  a  process  similar  to  that 
used  for  the  7-segment  LED  numeral,  the  3x9  matrix  of  LED 
rectangles  and  its  interconnections  are  mounted  on  a  single  substrate 
and  covered  by  a  plastic  sheet.  Aside  from  a  small  filter  capacitor  and 
1/4-watt  resistor,  the  only  other  component  is  a  custom-made  IC. 
This  LSI  device  contains  all  of  the  control  logic,  the  drivers  for  the 
numerical  LED  indicators,  and  the  LED  dots,  as  well  as  an  audio 
circuit  which  drives  a  small  diaphragm-type  speaker.  A  9-V  transis¬ 
tor-type  battery  is  sufficient  to  power  each  of  these  three  games. 

Manufacturer  Mattel  Electronics,  5150  Rosecrans  Avenue,  Haw 
thome,  CA  90250. 


INDY  500  (Universal  Research  Laboratories) 

This  is  a  TV  game,  in  color,  for  road  racing,  tennis,  and  hockey.  Th 
standard  TV,  hockey,  and  tennis  games  are  played  in  the  conve 
tional  way,  with  potentiometer  controls  to  permit  up  to  four  p  eey e 
to  move  the  hockey  stick  or  tennis  racket  in  a  vertical  direction.  ^ 
shown  in  Fig.  11.4,  the  same  four  controls  can  be  used  by  one  or  ^ 
players  in  the  "road  racing"  mode.  In  this  mode,  the  player 
trolled  cars  are  moved  horizontally  to  avoid  the  other  traffic/  w 
appears  to  move  from  the  top  of  the  screen  to  the  bottom, 
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Figure  11.4  INDY  500  (Universal  Research  Laboratories). 

score  depends  on  the  number  of  collisions  with  other  cars.  Speed 
increases  during  the  race,  but  returns  to  zero  after  a  collision. 

Technics  Description  The  INDY  500  game  uses  four  ICs,  one  of 
w  ich  is  a  special  LSI-CMOS  made  specifically  for  this  manufacturer, 
t  is  not  a  standard  microprocessor,  but  contains  some  memory, 
^hree  of  the  ICs  are  standard  op  amps.  There  is  a  3.58-MHz  crystal 
0r  t  e  color  features,  and  a  number  of  transistors  are  used  for 
various  special  circuits.  A  small  audio  section  generates  paddle-hit, 
°und,  and  score  sounds  for  tennis  or  hockey  and  motor  and  crash 
sounds  for  racing.  A  small  speaker  is  located  in  the  player-controlled 
uh'S^e'  ^be  oscdlator  and  output  circuit  use  two  transistors 
co  1C  are  con*:a^ne(^  in  a  shielded  case.  The  antenna  switch  does  not 
acH°^  §ames  power.  Either  9-V  battery  operation  or  a  separate 
aptor  is  available  to  power  this  unit. 

/,  c,a*  ^eatores  One  of  the  special  features  is  the  ability  to  select 
gam0t'  which  is  in  effect  a  practice  mode,  allowing  the  electronic 
^vod  hockey  or  tennis  against  one  or  two  players.  In  the  latter 

robot  the  r°bot'  in  effect'  Pla7s  doubles.  The  degree  of  skill  of  the 
CaPabTadjUStable  ^  a  potentiometer.  Another  special  feature  is  the 

rackets  ^  t0  PUt  EnSlish  on  the  bal1  in  tennis  bY  usin§  seSmented 


U.  60nn?Ufer  Universal  Research  Laboratories,  Elk  Grove  Village, 


^0007 


Ah. :  Mr.  W.  E.  Olliges 
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Figure  11.5  Odyssey  4000  (Magnavox). 


ODYSSEY  2000,  4000,  and  5000  (Magnavox) 

These  games  are  the  latest  in  the  Odyssey  series  and  feature  the  basic 
tennis-hockey-smash  games  as  well  as  a  variety  of  other  games  and 
special  features.  The  basic  games  are  provided  in  the  2000  model, 
while  the  4000  model  offers  eight  games  in  full  color  with  two 
separate,  hand-held  joystick  controls.  In  addition  to  tennis,  hockey, 
and  smash,  this  model  also  contains  gridball,  basketball,  baseball 
practice,  soccer,  and  smash  practice.  In  gridball  the  player  has  to 
move  the  ball  through  a  series  of  barricades.  In  the  practice  mode, 
one  player  can  play  against  the  game  itself.  There  are  separate 
sounds  for  each  of  the  games,  random  movement  of  players,  "serve 
buttons,  a  three-level  handicap  selection,  fast  and  slow  speed  adjust¬ 
ment,  and  the  conventional  digital  scoring  on  the  screen.  Figure  11.5 
shows  the  console  for  the  Magnavox  Odyssey  4000.  The  two  joystick 
controls  are  removable,  and  the  slide  switch  indicates  which  of  the 
games  is  being  played. 

Technical  Description  This  is  not  a  microprocessor-controlled  game, 
but  there  are  a  number  of  specially  designed  ICs  to  provide  such 
functions  as  ball-wall  generation,  video  logic,  digital  score  genera¬ 
tion,  etc.  Because  this  is  basically  an  analog  type  of  game,  a  number 
of  potentiometers  are  required  for  adjusting  particular  timing  por¬ 
tions  as  explained  in  Chap.  3.  The  RF  oscillator  can  be  set  to  produce 
video  on  either  channel  3  or  channel  4,  and  the  antenna  switch  does 
not  control  the  power  to  the  game.  It  is  therefore  necessary  to  turn 
the  game  off  with  a  separate  power  switch.  Either  battery  or  ac- 
adaptor  operation  is  possible  with  all  three  models. 
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Special  Features  Individual  movement  of  players  and  a  number  of 

levels  of  difficulty  are  the  main  special  features  provided  in  the 
Nlagnavox  Odyssey  games. 

Manufacturer  Magnavox,  1700  Magnavox  Way,  Fort  Wayne  IN 

46804.  y  ' 


STUDIO  II  (RCA) 


Studio  II  is  a  microprocessor-based  TV  game  featuring  plug-in  car¬ 
tridges  which  promise  an  almost  unlimited  range  of  games  and  TV 
activities .  Five  games— Doodle,  Patterns,  Bowling,  Freeway  (racing), 
dflCd  Edition  are  built  into  the  set  and  require  no  cartridges. 

RCA  offers  three  series  of  cartridges,  each  designed  for  a  different 
type  of  TV  activity.  The  TV  Arcade  series  features  games  that  are 
generally  based  on  physical  skill,  such  as  tennis,  baseball,  and  space 
war  The  TV  Schoolhouse  series  of  cartridges,  as  the  name  implies, 
deals  with  mental  skills,  using  the  TV  quiz  format  to  teach  math, 
soaal  studies,  and  other  subjects.  Contestants  usually  compete  for 
t  e  highest  score  in  answering  multiple  choice  questions.  The  third 
cartridge  series  available  is  called  TV  Casino  and  provides  games  of 


*S  /‘'“d  *n  Fig'  U  (l’  Studio  H  consists  of  a  single  console 
wi  h  keyboards  4  and  B,  each  containing  10  keys.  These  push 

buttons  serve  a  number  of  different  functions.  The  numeral  marked 

or  bu.tlo'\may  be  entered'  depending  on  the  plug-in  cartridge 
g  e  selected,  as  a  number  in  the  math  quiz  or  fun  with  numbers 


'9Ure  11.6  Studio  II  home  TV  programmer  (RCA). 
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game.  In  Doodles,  Patterns,  or  other  games,  each  of  the  keys,  exce 
the  center  one  (5),  controls  movement  in  one  of  eight  directions  ^ 
indicated  by  the  small  arrows  next  to  the  respective  keys.  In  add? 
tion,  specific  keys,  on  specific  keyboards,  select  the  programs  and 
control  the  level  of  difficulty,  handicap,  and  many  other  features  of  a 
game.  In  some  games  the  time  that  a  key  is  depressed  determines 
distance,  speed,  etc.  The  main  feature  of  these  two  digital  keyboards 
is  that  they  are  directly  interfaced  with  the  microprocessor. 

The  RCA  Studio  II  can  provide  TV  signals  on  either  channel  2  or  3. 

Technical  Description  The  microprocessor,  RCA's  CDF  1802,  pro¬ 
vides  the  central  computer  control  for  all  of  the  games  and  educa¬ 
tional  programs.  This  is  a  CMOS,  8-bit,  register-oriented  micropro¬ 
cessor,  operating  at  5  V  dc  at  a  clock  frequency  of  1.76  MHz.  The 
memory  consists  of  2048  kilobytes  of  ROM  and  512  bytes  of  RAM, 
contained  on  eight  separate  ICs.  The  RAM  stores  TV  refresh  informa¬ 
tion,  stack,  and  variable  data,  while  the  ROM  stores  1024  kilobytes  of 
programs  for  the  five  resident  games  and  1024  kilobytes  of  an  inter¬ 
preter  language  required  for  interfacing  the  cartridge.  All  cartridges 
contain  their  respective  game  programs  in  a  ROM  in  compatible 
format. 

A  variable-tone  beep  sound  is  generated  by  the  microprocessor- 
controlled  timer-oscillator  and  can  be  switched  off  if  desired.  In  the 
RCA  Studio  II,  the  game  power  supply  is  shut  off  when  the  antenna 
switch  selects  the  TV  antenna. 


Special  Features  The  versatility  and  almost  unlimited  programma¬ 
bility  of  RCA's  Studio  II  is  probably  its  most  outstanding  feature. 
RCA  is  in  the  process  of  adding  cartridges  which  have  educational 
rather  than  pure  entertainment  value.  The  unique  dual-keyboard 
concept  also  can  be  considered  a  special  feature.  Because  the  ke\ 
board  readout  is  under  control  of  the  microprocessor,  it  can  be  u>e 
in  a  variety  of  different  ways.  The  special  features  of  this  game  can  be 
summed  up  in  one  word:  versatility. 


Manufacturer  RCA  Distributor  and  Special  Products  Division, 
Deptford,  NJ  08096. 


CHANNEL  F  (Fairchild  Camera  and  Instrument  Corp.) 

Channel  F  is  a  cartridge-based,  microprocessor-controlled  TV  ^ 

featuring  unique,  hand-held  joystick-type  controllers.  The  basic 
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Figure  11.7  Channel  F  (Fairchild  Camera  and  Instrument  Corp.). 

sole  illustrated  in  Fig.  11.7  includes  two  games,  hockey  and  tennis, 
and  contains  five  push  buttons,  a  cartridge  eject  lever,  a  receptacle  for 
the  cartridges,  and  a  storage  space  for  the  controllers.  A  small 
speaker  is  mounted  in  the  console.  Fairchild  offers  a  series  of  Video 
Cart  plug-in  cartridges  which  contain  the  programs  for  a  series  of 
games,  such  as  Tic-Tac-Toe,  Doodles,  Blackjack,  Space  War,  and  a 
variety  of  math  games. 

Fairchild's  unique  controllers  are  held  in  one  hand,  while  the 
other  hand  operates  the  knob  somewhat  in  the  manner  of  a  joystick. 
The  triangular  control  knob  contains  a  recessed  arrow  which  is 
pointed  toward  the  screen.  Each  knob  provides  eight-way  control: 
forward  and  backward,  left  and  right,  twist-to-the-left  and  twist-to- 
the-right,  and  push-down  and  pull-up.  Pushing  to  the  left  causes 
motion  toward  the  left  of  the  screen.  Pushing  forward  causes  motion 
upward,  while  pushing  backward  causes  motion  downward.  The 
push-and-pull  action  controls  such  things  as  firing  a  tank  cannon  or 
choosing  another  card  in  Blackjack. 

One  of  the  five  push  buttons  on  the  console  resets  the  control 
circuits.  The  remaining  four  buttons  provide  multiple  functions, 
depending  on  the  cartridge  plugged  in.  Selection  of  one  game  out  of 
several  on  a  cartridge  is  one  function.  It  is  also  possible  to  set  the 
time  limit  for  a  game  at  2,  5,  10,  or  20  minutes  or  to  select  certain 
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special  game  modes.  In  general,  these  buttons  set  up  the  mode  or 
rules  for  a  particular  game,  and  the  hand  controls  are  then  used  for 

the  game  itself. 

All  of  the  games  available  through  Channel  F  are  in  full  color. 

Technical  Description  As  the  name  indicates,  this  TV  game  is  based 
on  the  Fairchild  F8  microprocessor,  which  is  implemented  here  with 
a  Type  3850  CPU  and  a  Type  3851  used  as  a  program  storage  unit 
(PSU).  Control  inputs  from  the  console  switches  and  the  right  con¬ 
troller  go  to  the  CPU,  while  the  left  controller  is  connected  to  the 
PSU.  This  IC  also  provides  the  control  for  the  audio  generator. 
Another  Type  3851  contains  the  program  and  data  for  the  two  con- 
sole-contained  games,  tennis  and  hockey.  The  plug-in  cartridge 
busses  go  directly  to  the  three  ICs  mentioned  above. 

A  3.58-MFlz  crystal  oscillator  provides  the  color  subcarrier  and 
also  serves  as  master  clock  for  the  horizontal  and  vertical  sync  gener¬ 
ators.  Four  4096  RAM  ICs  contain  all  of  the  video  data,  and  conven¬ 
tional  logic  is  used  to  combine  video,  sync,  and  the  color  subcarrier. 
A  single-transistor  RF  oscillator  and  a  diode  modulator  provide  the 
modulated  RF  output  for  channel  3.  The  power  supply  consists  of 
two  separate,  regulated  sources  for  +5  and  +12  V.  An  additional  -5- 
V  source  serves  the  RAMs. 

Special  Features  The  Fairchild  Video  Cart  cartridges  each  contain  a 
spring-loaded  door  which  covers  the  contacts.  When  the  cartridge  is 
inserted  in  the  system  console,  the  contacts  are  not  visible  at  all  and  a 
special  eject  button  must  be  pressed  to  remove  the  cartridge.  This 
method  protects  the  contacts  both  of  the  cartridge  itself  and  of  the 
mating  connector  in  the  system  console. 

Another  unique  feature  is  a  hold  button  that  permits  the  player  to 
either  freeze  the  action  of  a  console  game  in  progress  or,  after 
freezing  the  action,  change  the  time,  the  speed,  or  both  of  the 
remaining  game  without  altering  the  score.  A  third  unique  feature  is 
the  fact  that  the  microprocessor  will  generate  certain  symbols  with  a 
question  mark  in  setting  up  each  game.  When  the  reset  button  is 
epressed,  G?  appears.  When  the  game  is  selected  by  means  of 
one  of  the  four  buttons  on  the  central  console,  "S?"  appears, 
epen  ing  on  the  game  selected,  the  microprocessor  may  then  ask 
e  player  to  select  a  time  period  by  displaying  "T?"  or  to  select  a 

j-  M?"  With  games  such  as  Blackjack,  the 

display  on  the  TV  screen  may  ask  "CUT?"  "BET?"  or  "F1IT?"  In  a 

scored ^  microProcessor  displays  the  results  as  well  as  the 
scores  in  alphanumeric  characters  on  the  screen. 


r0"  9«04hl'd  C°nSUmer  Pr°dUC‘-  4001  Miranda 
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VIDEO  COMPUTER  SYSTEM  (Atari) 

Video  Computer  System  is  a  cartridge-based,  microprocessor-con¬ 
trolled  TV  game  featuring  different  sets  of  hand  controllers  for  differ¬ 
ent  types  ot  games.  In  contrast  to  some  other  cartridge  games,  there 
are  no  games  resident  in  the  console,  but  the  game  is  supplied  with 

nVu  n  8e'  |he  Combat  Came  Program."  As  illustrated  in  Fig. 
11.8,  the  console  contains  a  power  switch,  a  game  reset  switch,  and  a 

game  sc  ection  switch.  In  addition,  there  is  a  TV-type  switch  which 
selects  either  color  or  black-and-white  operation.  Separate  switches 
are  available  to  select  the  degree  of  difficulty  for  the  left  and  right 
players.  The  controls  for  racing  games  use  a  digital  encoder  coupled 
to  the  "steering"  knob,  with  an  additional  "throttle"  switch  to  speed 
up  the  racing  vehicle.  For  tennis-type  games  a  paddle  position 
Lontiollei  is  supplied,  which  also  contains  a  push  button  to  put 
English  on  the  ball  after  it  has  been  hit  by  the  paddle.  Two  joystick- 
type  controls  are  available  for  controlling  the  tanks  in  tank  battle 
games.  These  handles  can  be  moved  in  eight  directions  and  contain 
separate  push  buttons  for  firing  a  cannon  or  missile.  At  the  rear  of 
the  console  there  are  two  separate  receptacles  which  hold  the  connec¬ 
tors  for  either  type  of  control.  In  the  Atari  Video  Computer  Svstem, 


Figure  11.8  Video  computer  system  (Atari.  Inc.). 
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the  sound  for  any  of  the  games  is  transmitted  over  the  TV  channel 
and  will  therefore  come  from  the  TV  speaker. 

Technical  Description  The  microprocessor  and  its  associated  ICs  are 
part  of  the  6500  series  manufactured  by  MOS  Technology  and  Rock¬ 
well.  Atari,  Inc.  has  declined  to  supply  any  additional  technical 

information. 

Special  Features  The  use  of  different  controllers  for  different  games 
is  unique  to  the  Atari  Video  Computer  System.  Besides  the  versatil¬ 
ity  of  additional  cartridges,  it  is  also  conceivable  that,  in  the  future. 
Atari  will  offer  different  controllers  for  unique,  as  yet  unheard  of, 
video  entertainment. 

Manufacturer  Atari,  Inc.,  Consumer  Division,  1195  Borregas  Ave¬ 
nue,  Sunnyvale,  CA  94086. 


TELSTAR  ARCADE  (Coleco  Industries) 

This  microprocessor-based  color  TV  game  is  unique  in  that  it  uses  a 
three-sided  control  console  for  the  three  different  basic  games  for 
which  it  is  designed.  A  matching  triangular  cartridge,  located  at  the 
top  of  the  control  console  as  shown  in  Fig.  11.9,  controls  road  race, 
tennis,  or  quick-draw,  a  target-shooting  game.  Additional  cartridges 
are  available  for  such  games  as  hockey,  handball,  target,  for  one  to 
four  players,  and  a  variety  of  pinball  and  other  target-shooting 

games.  7 

In  the  roadrace  game,  a  realistic  steering  wheel  moves  the  player  s 

car  out  of  the  way  of  the  onrushing  smaller  cars,  and  a  two-position 
gearshift  lever  controls  the  speed.  When  a  collision  occurs,  the  cars 
will  go  in  the  reverse  direction  and  there  is  a  3  to  6  second  penalty. 
Restart  after  a  crash  must  be  in  first  gear.  Both  the  mileage  score  and 
a  countdown  score  appear  in  digital  form  on  the  TV  screen. 

The  tennis  game  control  panel  also  contains  the  game  selector 
knob  and  allows  two  levels  of  skill  for  playing.  In  addition  to  the 
right  and  left  paddle  position  control,  a  button  can  be  depressed  to 
put  English  on  the  ball. 

The  quick-draw  game  includes  a  holstered  pistol — with  the  con¬ 
ventional  photoelectric  pickup  and  optics.  For  each  shot  the  target 
starter  must  be  depressed  and  the  pistol  pulled  from  its  holster  as  fast 
as  possible.  The  figure  of  the  outlaw  representing  the  target  must  be 
bright  pink  or  white  so  that  the  photoelectric  system  of  the  pistol  can 
pick  it  up.  The  digital  score  on  the  TV  screen  indicates  the  number  of 
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Figure  11.9  Telstar  Arcade  (Coleco  industries,  Inc.). 

shots  fired  and  the  number  of  hits.  After  each  shot,  the  pistol  must  be 
replaced  in  the  holster  and  the  target  starter  depressed  again. 

Coleco  Industries  also  produces  two  other  games  which  are  not 
cartridge-controlled.  Telstar  Ranger  is  a  conventional  tennis,  hockey, 
handball,  jai  alai,  skeet,  and  target  game,  while  Combat  is  a  tank 
battle  game  with  realistic  controls  for  maneuvering  each  tank  and 
firing  its  cannon. 


Technical  Description  The  manufacturer  does  not  release  technical 
data. 


Manufacturer  Coleco  Industries,  Inc.,  945  Asylum  Avenue,  Hart¬ 
ford,  CT  06105. 


TIC  TAC  QUIZ  (Sega  of  America) 

This  coin-operated  game  is  available  either  in  a  table  or  an  upright 

model  and  features  a  combination  of  a  quia  game  and  tic-tac-toe  as 

shown  in  Fig.  11.10.  A  single  player  can  play  against  the  machine 

two  players  can  play  against  each  other.  Questions  appear  on  the 
two  players  cai  F  y  o  ,  .ue  players  have  a  time 

screen,  apparently  selected  at  rando  ,  ^  If  lhe  correct 

limit,  usually  30  secor\ds'  to  lermitted  to  enter  a  0  or  an  x, 

push  button  is  selected  the  p  P  ^  ^  nine  x  switches  in 

in  the  usual  tic-tac-toe  forma  .  P  -non(jine0s  The  tic-tac-toe 

a  keyboard,  while  the  other  has  the  corresponding 
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Figure  11.10  TIC  TAC  QUIZ  (Sega 
of  America). 


pattern  on  the  screen  is  then  updated  accordingly.  The  player  who 
gets  three  in  a  row  or  five  of  a  kind  wins.  Options,  such  as  a  free 
game  or  credit,  are  possible  for  those  who  finish  the  game  in  a 
specified  number  of  moves.  In  the  table  model  the  entire  cover  is 
sealed  by  glass,  and  in  the  upright  version  the  control  panel  is  at  a 
slant,  with  the  display  being  vertical. 

Technical  Description  This  game  is  controlled  by  a  National  Semi¬ 
conductor  SC/MP  microprocessor,  and  its  block  diagram  is  shown  in 
Fig.  11.11.  The  computer  includes  the  microprocessor  and  all  of  the 
RAM,  ROM,  I/O,  and  other  ICs.  A  total  of  84  ICs,  6  transistors,  and 
miscellaneous  diodes  are  used  in  this  computer  board.  Each  of  the 
two  keyboards  contains  eight  ICs,  one  transistor,  and  two  diodes. 
One  of  the  interesting  features  is  the  use  of  a  tape  deck,  a  Clarion  12- 
V  dc  automobile  stereo  cartridge  deck  that  plays  in  either  direction. 
All  of  the  2500  test  questions  are  stored,  in  digital  form,  in  a  special 
format  on  the  magnetic  tape  and  are  played  back  at  a  baud  rate  of 
1844.  Each  question  data  block  (256  characters)  is  stored  in  2  kilobits 
and  is  then  converted  into  alphanumerics  by  the  charactti 


generator.  Between  questions  the  tape  dP  v  • 

,hc  wear  of  the  tape  and  tape  heads.  AnotherTk-f  v!  '°  ,reduce 
provide  storage  for  the  CPU,  and  the  enr  2  k  oblts  of  RAM 

kilobits  of  ROM.  Almost  all  of  the  ICs  a  J*™  pro8ram  is  in  12 
TTL  low-power  Schottky  Standard  types  AMn^T’  Semic°nductor 
tor  is  used  to  display  the  tic-tac-toe'patte^s^  Z  W  m°ni- 

and  answers.  The  computer  portion  of  the  tir  t  the  queshons 

'”P  TO.pl.  Peyboud  lnb,“ “* 

T:T‘cT«m“  °‘  Am*“'  1550  s'“  '•  *•»«.. 


“FONZ”  (Sega  of  America) 

This  coin-operated  game  simulates  the  action  of  a  speeding  motorcy¬ 
cle,  and,  as  in  most  racing  games,  the  object  of  the  player  is  to  go  as 
fast  as  possible  without  colliding  with  oncoming  vehicles  or  the 
roadside  railing.  The  realistic  motorcycle  handlebars  as  shown  in 
Fig.  11.12,  the  roar  of  the  engine,  and  the  view  of  the  moving  road 
ahead  are  key  features  in  the  popular  appeal  of  this  arcade-type 
game.  Dotted  lines  indicate  the  railing,  and  these  lines  move  from 
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top  to  bottom,  creating  the  illusion  of  the  roadway  flashing  by.  As 
the  handlebar  is  turned,  the  motorcycle  on  the  screen  swerves  and 
banks  accordingly.  When  the  throttle  control  handle  is  twisted,  the 
dotted  lines  move  faster,  the  motorcycle  moves  toward  the  top  of  the 
screen,  and  the  roar  of  the  engine  sounds  louder  and  faster.  Both  the 
road  and  the  motorcycle  are  shown  in  perspective,  with  everything 
at  the  bottom,  closest  to  the  player,  larger  than  at  the  top.  The  picture 
tube  is  mounted  lengthwise  so  that  the  screen  is  longer  than  it  is 
wide,  further  strengthening  the  illusion  of  the  roadway  fading  into 
the  distance. 

When  the  image  on  the  screen  collides  with  another  vehicle  or  the 
railing,  a  crashing  noise  is  heard,  the  handlebars  shake,  and  the 
motorcycle  image  is  reversed.  Each  collision  results  in  lost  time  and 
slower  start-up  speed.  The  score  is  continuously  displayed  on  four 
numerical  indicators,  and  the  elapsed  time  is  shown  on  two  indica¬ 
tors.  When  the  score  reaches  1000,  the  "extended  play"  lamp  indi¬ 
cates  that  the  player  has  earned  another,  free,  30  seconds  of  playing 
time.  The  amount  of  extended  play  time  as  well  as  the  time  limit  and 
the  time  lost  for  each  collision  can  be  adjusted  on  the  electronics 
chassis. 


Figure  11.12  FONZ  (Sega 
of  America). 
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Figure  11.13  Block  diagram  of  FONZ  (Sega  of  America). 

Technical  Description  This  is  not  a  microprocessor-controlled  game, 
but  over  40  ICs,  plus  many  discrete  transistors  and  diodes,  provide 
all  of  the  logic  and  display  functions  necessary  to  generate  the 
realistic  video  and  audio  effects.  Standard  TTL  logic  is  used,  except 
for  a  special  ROM  which  serves  as  character  generator  for  the  motor¬ 
cycle  images.  The  different  views  of  the  motorcycle  are  stored  in  this 
ROM  and  provide  the  realistic  swerve  and  tilt.  Size  changes  are 
implemented  by  changing  clock  frequency  so  that  more  or  fewer 
lines  are  used  for  the  image.  An  audio  tape  deck  is  used  for  the 
recorded  sounds  of  the  motorcycle  engine  and  the  sound  of  crashes. 
The  chassis  contains  a  power  transformer  and  an  elaborate,  regulated 
power  supply  which  drives  the  logic  board  and  the  audio  section.  A 
23'in  (diagonal)  TV  monitor  is  used  to  display  the  picture.  As  in  most 
coin-operated  games,  there  are  interlock  switches  for  the  front  and 
back  doors,  a  coin  meter,  a  "tilt"  switch,  and  an  extended-play  timer. 

Manufacturer  Sega  of  America,  25550  Santa  Fe  Avenue,  Redondo 
beach,  CA  90278. 


12.1  BASIC  TROUBLESHOOTING  TECHNIQUES 

A  sound,  logical,  and  methodical  approach  is  absolutely  essential  for 
all  electronics  troubleshooting.  The  haphazard  probing,  testing,  and 
parts  replacement  of  the  screwdriver  mechanic  just  won't  work  with 
any  of  the  electronic  games.  The  importance  of  planning  the  trouble¬ 
shooting  and  following  a  logical  technique  cannot  be  emphasized 
enough.  Four  basic  troubleshooting  techniques  have  proved  highly 
successful  in  all  areas  of  electronics,  and  their  application  to  elec¬ 
tronic  games  is  the  subject  of  this  chapter.  Most  experienced  trouble¬ 
shooters  are  already  using  some  of  the  techniques  described  here, 
but  the  full  benefit  of  these  techniques  can  only  be  obtained  by 
aPplying  the  right  technique  at  the  right  time.  The  symptom- function 
technique  can  be  considered  the  first  of  three  or  four  steps  in  a 
complete  troubleshooting  routine.  First,  we  localize  the  defect  to  a 
subassembly;  then,  by  using  the  signal-tracing  method,  we  further 
ocalize  the  defect  to  one  or  several  components.  As  a  third  step,  we 
Can  find  the  defective  component  by  the  voltage  and  resistance  tech¬ 
ie-  Verification  of  the  defect  and  ultimate  repair  involve  the 
Substitution  method.  . 

Ninety-five  percent  of  all  defects  in  electronic  games  and  m  most 
other  electronic  devices  can  be  located  by  the  application  of  these 
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four  techniques.  The  remaining  5  percent  are  either  intern^ 
so  rare  that  a  very  special  approach  must  be  taken.  These  1  7*  °r 
are  covered  at  the  end  of  the  chapter.  Pr°blerns 

Symptom-Function  Technique  The  scientific  method  of  investi  f 
relies  on  a  connection  between  cause  and  effect.  In  troubleshoor°n 
electronic  games,  the  cause  is  a  defect  within  the  game,  and  the  eff^ 
is  an  unsatisfactory  display,  sound,  or  control  action.  Here  is  *** 
example  of  the  symptom-function  technique.  The  TV  picture  look*1 
normal  when  TV  stations  are  received  but  appears  very  noisy  and 
weak  when  the  antenna  switch  is  set  to  the  "game"  position  All 
game  patterns  and  functions  are  OK,  but,  regardless  of  which  game 
is  tried,  the  pictures  are  always  weak  and  noisy  and  they  have  a 
tendency  to  lose  synchronization.  Figure  12.1  is  a  block  diagram  of  a 
typical  TV  game.  It  is  clear  from  the  symptom  observed  that  the  TV 
set,  the  tuner,  and  the  antenna  itself  are  OK.  The  controls,  the  logic, 
the  display  circuits,  and  the  power  supply  appear  to  be  functioning 
correctly  according  to  the  display  on  the  TV  screen.  Clearly,  the 
trouble  is  most  likely  to  be  somewhere  in  the  RF  oscillator  and 
modulator,  in  the  antenna  switch,  or  in  the  connection  between  the 


Figure  12.1  TV  game  block  diagram. 
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05cilUtor  and  the  antenna  switch.  Checking  the  outn.n  t  ■ 
oscillator  is  not  a  simple  matter,  but  the  continuity  of  thl  ®  RF 
(torn  the  RF  oscillator  to  the  antenna  switch  can  he  h  ,°aX  Cable 
simple  ohmmeter  test.  In  this  example,  a  poor  ground  onThe^  ^  i 
connector  at  the  TV  game  output  caused  [he  particular  defe  t  ' 
The  symptom-function  technique,  in  short,  depends  largely  on 
understanding  the  ma)or  functions  of  the  electronic  jT 

they  affect  what  we  can  see  and  hear.  For  most  troubleshooting  whh 
this  technique,  we  don  t  even  need  test  equipment.  This  trouble 
shooting  technique  does  not  always  find  the  defective  part  itself  but 
helps  localize  the  defect  to  a  particular  subassembly. 


Signal  Tracing  This  technique  usually  involves  some  electronic  test 
equipment  and  consists  of  tracing  a  signal  through  circuits  where  the 
defect  is  most  likely  to  be  located.  A  good  example  of  the  signal¬ 
tracing  technique  would  be  the  case  of  a  microprocessor-controlled 
TV  game  in  which  cartridge-operated  games  function  well  but  the 
resident  games  do  not  work  at  all.  The  symptom-function  technique 
tells  us  that  the  trouble  must  be  in  the  resident  game  circuits  since 
the  controls,  the  microprocessor,  the  display  circuits,  and  all  the 
other  functions  seem  to  operate  correctly.  Signal  tracing  with  the 
oscilloscope  to  check  all  of  the  signals  going  to  and  from  the  resident 
game  ROM  determines  that  the  "read"  signal  does  not  reach  the 
correct  pin  of  the  resident  game  ROM.  The  oscilloscope  shows  that 
the  proper  "read"  command  is  present  at  the  microprocessor  but  is 
absent  at  the  ROM.  We  conclude  from  this  that  there  is  an  open 
circuit  between  these  two  points.  Visual  inspection  reveals  that  a 
Crack  in  the  conductive  path  of  the  PC  board  is  present. 

Signal  tracing  can  take  many  different  forms,  and  in  some 
mstances  it  is  necessary  to  inject  a  test  signal  and  then  trace  it 
through  the  system,  usually  with  the  oscilloscope.  For  microproces¬ 
sor-controlled  games  and  for  those  using  extensive  logic  circuits,  the 
Slgnal-tracing  method  may  require  special  logic  probes  or  even  the 
Powerful,  new  logic  analyzer.  More  will  be  said  about  this  approach 
ln  Sec.  12.3. 


^0,tage-/?es/sfance  Technique  This  method  invariably  requires  a 
ti?  *  °^lrn  milliammeter  (VOM)  or  its  more  sophisticated  equivalent, 
6  dl§hal  multimeter  (DMM).  One  simple  way  of  using  the  voltage- 
on  1^arice  technique  is  to  measure  all  B-plus  and  test  point  voltages 
the  PC  board  to  which  the  defect  has  been  isolated.  The  same 
PProach  can  be  taken  by  measuring  all  resistances  of  the  suspected 
°Ult  with  the  power  turned  off.  Very  often  it  is  possible  to  locate 
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open  or  short  circuits  in  this  manner.  Leaky  capacitors  can  akn  u 
found  quickly  by  use  of  this  method.  so 

The  use  of  the  voltage-resistance  technique  can  be  illustrated  h 
the  example  described  earlier  for  the  symptom-function  techni  V 
(see  Fig.  12.1).  We  can  determine  that  the  defect  lies  between  the^F 
oscillator  and  the  TV  tuner  by  simply  measuring  the  resistances  of 
the  RF  cable  and  of  the  connectors  and  grounds  between  the  RF 
oscillator  and  the  antenna  switch.  The  bad  ground  assumed  to  be  the 
defect  in  the  earlier  example  would  be  found  in  this  way.  If  We 
suspect  that  the  RF  oscillator  output  is  low,  we  can  use  the  voltage- 
resistance  technique  to  check  the  voltage  on  all  dc  points  in  this 
circuit.  Low  B-plus  voltage,  possibly  due  to  a  leaky  bypass  capacitor, 
would  result  in  low  oscillator  output  and,  probably,  the  wrong 
frequency. 

The  voltage-resistance  technique  is  most  useful  when  the  defect 
has  already  been  localized  to  a  relatively  small  circuit  area.  If  an 
entire  section  or  the  whole  game  is  inoperative,  the  defect  is 
obviously  due  to  power  supply  problems  and  we  will  use  the  volt¬ 
age-resistance  technique  immediately. 

Substitution  Substituting  a  component  known  to  be  good  for  one 
suspected  of  being  defective  is  a  method  obviously  limited  to  the 
case  where  the  trouble  has  been  isolated  to  a  few  components.  In 
some  electronic  equipment,  plug-in  PC  boards  permit  substitution 
of  entire  circuit  sections,  but  this  is  not  usually  the  case  in  electronic 
games.  Substituting  other  ICs  is  often  the  only  way  to  determine  that 
a  suspected  IC  is  defective. 

Most  electronic  games  do  not  use  plug-in  ICs,  and,  as  everyone 
knows  who  has  tried  it,  unsoldering  and  resoldering  a  14-  or  22-pin 
IC  is  quite  a  delicate  and  difficult  task,  even  if  you  have  all  of  the 
proper  tools.  Later  in  this  chapter  we  shall  discuss  a  variation  of  the 
substitution  technique  which  permits  us  to  compare  the  operation  of 
two  ICs  without  actually  replacing  the  suspected  one. 

12.2  SYMPTOM-FUNCTION  TECHNIQUE  FOR  ELECTRONIC  GAMES 

While  it  is  not  possible  to  present  all  of  the  applications  of  this 
technique,  some  typical  uses  for  the  three  basic  types  of  electronic 
games  are  described  below.  The  key  to  successful  use  of  the  system 
function  technique  lies  in  understanding  how  each  function  of  t 
game  affects  the  display  or  its  accompanying  sound.  A  few  minutes 
spent  in  logical  analysis,  sometimes  with  the  aid  of  pencil  and  paper, 
will  save  hours  of  tedious  troubleshooting. 
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Typical  Uses  in  Board  Games  We  know 

board  games  are  usually  based  on  a  hand-held  dT''  ?  ^  ,U  that 
pocket  calculator.  The  symptoms  are  Saved  o  SImilar  ,0  a 
and  are  somehow  related  to  the  functions  ^  ,  u  Tu  enCal  LEDs 
button  keyboard.  Figure  12.2  shows  c-  ^  ro  e  W  push- 

chart  for  a  calculator-based  game  like  the  TexTs  InsTmmenTs  CaTculT 
tor  Squares  or  Checkout.  Many  of  the  symptoms  listed  in  this  chart 
and  many  of  the  funchons  likely  to  be  defective  apply  also  to  pocke 
calculators  or  other  board  games.  When  the  symptom  consfsts  of 
dark  or  dim  displays  or  of  inoperative  player  controls,  this  is  almost 
invariably  due  to  a  defect  in  the  battery,  the  power  supply,  or  in  the 
B-p  us  filter  circuits.  Similarly,  when  one  display  digit  remains  dark 
there  is  a  defect  either  in  that  particular  display  or  its  driver  circuit' 
or  else  there  is  a  loss  of  B-plus  to  that  digit.  When  one  push  button 
does  not  work,  a  poor  contact  or  open  lead  is  obviously  the  trouble. 
A  whole  row  or  column  of  keyboard  switches  can  only  fail  in  those 
devices  where  a  mechanical  switch  assembly  is  used  with  horizontal 


Symptoms 

Functions  likely  to  be  defective 

1-  Display  dark  or  dim;  player 
controls  have  no  effect. 

— - - - - - - 

Battery,  power  supply,  B+  filter 

2.  One  display  digit  is  dark. 

B+  to  that  digit  missing,  driver 

1C  defective,  display  defective 

3.  One  pushbutton  doesn’t  work. 

Poor  contact,  open  lead 

4.  One  row  or  column  of 
keyboard  switches  doesn’t 
work. 

Mech.  switch  assembly,  open 
lead 

. 

5.  One  function  (  +  ,  x,  %) 

doesn’t  work. 

Open  lead,  no  contact,  or  logic 
defect 

6-  None  of  the  functions  (+.  — , 

%)  work. 

Defective  clock  circuit,  logic 
defect 

Random  errors  on  all 
functions. 

Major  logic  defect 

3.  Constant  error  on  some 
functions. 

Minor  logic  defect 

) 

j 

9.  Decimal  point  missing 

Defect  in  decimal  logic 

fO-  Answers  increase  until  all 
!  digits  are  9s. 

Loss  of  reset  signal 

i 

re  ^2.2  Symptom-functions  for  a 

calculator-based  game. 
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and  vertical  matrix  arrangements.  The  remaining  symptoms,  unless 
they  are  due  to  poor  contacts  or  broken  leads,  can  all  be  traced  to 

defects  in  the  logic. 

Most  electronic  games  using  a  hand-held  calculator-type  device 
depend  on  only  a  few  ICs  for  all  logic  functions.  Troubleshooting 
these  logic  functions  may  not  be  practical,  and,  particularly  where  a 
single  IC  performs  all  logic  functions,  the  best  we  can  do  is  to  check 
continuity  of  all  connections  with  an  ohmmeter.  Replacement  of  the 
microprocessor  or  other  LSI  IC  would  seem  to  be  the  only  reme  y, 
but  the  cost  of  replacement  often  rivals  that  of  replacing  the  entire 
unit  The  Texas  Instruments  games  mentioned  above,  for  example, 
can  be  purchased  for  about  $12.  It  hardly  seems  worthwhile  to  pay  $5 
or  $6  for  a  replacement  IC  and  go  to  the  trouble  of  unsoldering  an 
resoldering  all  of  the  pins.  In  more  expensive  games,  however, 

replacement  of  the  ICs  may  well  be  worthwhile. 

Most  of  the  symptoms  and  defects  listed  in  Fig.  12.2  can  also  occur 
in  board  games  like  Code  Name:  Sector  or  Chess  Challenger,  games 
described  in  detail  in  Chap.  11.  These  games,  however,  can  exhibit 
other  symptoms  which  are  much  less  obvious.  In  the  chess  game,  m 
particular,  it  is  possible  that  all  of  the  controls  and  displays  might 
seem  to  work  correctly,  but  that  the  chess  game  itself  does  not  follow 
the  chess  rules.  It  is  possible  that  the  game  might  indicate  chess 
moves  which  are  not  permitted.  It  is  also  possible  that,  regardless  of 
the  selected  level  of  skill,  the  machine  always  plays  at  the  same  level. 
This  type  of  symptom  corresponds  to  mathematical  errors  in  a  calcu¬ 
lator  and  we  must  conclude  from  it  that  there  is  a  defect  in  the 
control  logic.  Chess  Challenger  has  a  list  price  of  $200,  and  it  would 
clearly  pay  to  replace  a  defective  IC.  We  need  some  detailed  informa¬ 
tion  concerning  the  program  and  the  logic  circuit  hardware  in  order 
to  decide  which  IC  is  likely  to  be  defective.  The  symptom-function 
technique  must,  at  this  point,  give  way  to  signal  tracing  or  some 
other  method  for  finding  the  defect. 

Typical  Uses  in  Coin-operated  Games  Much  more  complex  electroni¬ 
cally  and  much  more  expensive  than  the  board  games,  the  arcade- 
type  games  are  usually  furnished  with  a  troubleshooting  manual,  a 
circuit  diagram,  and  detailed  parts  lists.  Figure  12.3  is  the  trouble¬ 
shooting  guide,  divided  into  symptoms  and  functions,  for  the 
"Fonz"  game  described  in  more  detail  in  Chap.  11.  Note  that  the  first 
three  symptoms  are  probably  due  to  defects  in  the  power  contro 
circuits  which,  in  coin-operated  games,  include  the  coin  contro 
device  itself  and  an  anti-slam  interlock  switch.  Even  though  this 
brief  chart  of  symptoms  and  functional  defects  appears  elementary, 
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No  power 

Check  line  cable  on  off  switch  door  interlock 
switch  line  fuse. 

Game  will  not  start 

Check  coin  acceptor  and  coin  switch.  Check 
harness  and  connection  to  PCB. 

Game  shuts  off 
(loss  of  audio  and 
player’s  bike) 

Check  anti-slam  switch  located  on  coin 
door. 

No  audio  (loss  of 
audio  and  player's 
bike) 

Check  volume  control.  Check  speaker  and 
connections.  Check  tape  deck  and  car¬ 
tridge.  Check  1.5-Afuse. 

No  TV  picture 

Check  for  no  power.  Check  TV  connector 
and  fuse. 

TV  raster  only 

Check  the  PCB  connector  and  refer  to  TV 
monitor  trouble  shooting. 

Rolling  picture 

Adjust  the  vertical  hold. 

Wavy  picture 

Adjust  the  horizontal  hold. 

Broken  picture  into 

1  diagonal  lines 

Adjust  the  horizontal  hold. 

Figure  12.3  Symptom-function  list  for  FONZ  (Sega). 


the  vast  majority  of  troubles  with  coin-operated  games  can  be  solved 
by  means  of  these  simple  tests  and  adjustments. 

For  the  microprocessor-controlled  Tic-Tac  Quiz  described  in 
Chap.  11,  the  manufacturer  furnishes  a  flow  diagram  for  the  micro¬ 
processor  which  is  illustrated  in  Fig.  12.4.  By  analyzing  this  flow¬ 
chart,  we  can  frequently  use  the  symptom-function  technique  to 
determine  just  where  a  problem  occurs  and  what  the  likely  defect  is 
If,  for  example,  the  advertising  turns  off  before  a  coin  is  inserted  the 
defect  must  be  in  the  CPU  functions  shown  in  the  lower  left  side  of 
Fig.  12.4.  The  flowchart  itself  may  not  be  sufficient  to  apply  the 
symptom-function  technique  to  every  aspect  of  troubleshooting  of 
th.s  game  but,  together  with  the  detailed  logic  diagram  and  some 

•  1 1‘lonla  techmcal  data,  it  will  often  enable  the  troubleshooter  to 
isolate  the  defect  to  a  particular  1C  or  group  of  ICs,  Troubleshooting 

“5'  °f  eqmPment  can  be  as  complex,  time-consuming,  and 
aiding  as  working  on  a  minicomputer. 

svmnl^T  ^  ™  GameS  Earlier  in  this  chaPter'  we  showed  how  the 
*amPt  im"fUnCtl°n  techm<lue  can  be  used  to  isolate  a  defect  in  a  TV 
e.  n  most  TV  game  troubles,  the  first  application  of  the  symp- 
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Turn  on  no. 
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machine  type 
(table  or  upright) 


Turn  on  free 
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Time  out 
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Time  out 
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Wrong 
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Give  other 
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square 


Start 
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advertising 
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End 

game 


Win^> 

Allow  other 
player  to  select 


Figure  12.4  Program  flowchart  for  TIC  TAC  QUIZ  (Sega). 
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tom-function  technique  is  to  decide  whether  the  defect  is  connected 
with  the  operation  of  the  TV  set  itself  or  whether  it  is  due  to  the 
game.  This  is  relatively  simple  in  most  cases  since  we  can  demon¬ 
strate  TV-set  operation  from  broadcast  stations  and  then  show  the 
operation  with  the  TV  game  separately.  If  the  same  defect,  such  as 
poor  horizontal  synchronization,  is  present  in  both  modes  of  opera¬ 
tion,  it  is  logical  to  assume  that  the  defect  is  in  the  TV  set  and  not  in 
the  game.  Conversely,  if  vertical  rolling  occurs  only  when  the  TV 
game  is  connected,  we  must  believe  that  the  defect  is  due  to  a  poor 
vertical  synchronization  signal  generated  by  the  TV  game.  In  some 
situations  it  is  necessary  to  turn  off  the  TV  game,  disconnect  the 
antenna  switch,  and  connect  the  TV  set  directly  to  the  antenna  to 
demonstrate  beyond  any  doubt  where  the  defect  originates.  This 
kind  of  problem  usually  occurs  when  TV  stations  are  received  poorly 
or  when  the  RF  signal  generated  by  the  TV  game  is  close  to  and 
interfering  with  a  local  station. 

Once  the  trouble  has  been  isolated  to  the  game  itself,  we  can 
consider  each  of  the  game  functions,  listed  in  Fig.  12.5,  as  potential 
troublespots.  Some  of  the  symptoms  that  we  will  observe  can  easily 
be  matched  to  this  list.  If  one  of  the  player  controls  is  defective,  it 
obviously  will  not  work  properly  with  the  game.  Similarly,  if  the 
vertical,  horizontal,  or  color  sync  circuits  are  not  working  properly, 
the  result  will  be  incorrect  vertical,  horizontal,  or  color  synchroniza¬ 
tion  at  the  TV  receiver — defects  which  will  occur  only  when  the 
game  is  connected  and  not  when  broadcasts  are  received.  Some 
games  have  specific  circuits  which  act  as  character  generators,  score 
counters,  motion  generators,  and  contact  detectors.  Clearly,  when 
one  of  these  functions  is  defective,  the  symptoms  can  easily  be 
related  to  it.  If,  for  example,  the  scoring  display  does  not  work  but 
alphanumeric  characters  are  displayed,  the  scoring  counters  are 
defective.  If  the  game  characters  appear  but  cannot  move,  this  must 
be  due  either  to  the  player  controls  or  the  motion-generating  circuits. 

One  way  to  apply  the  symptom-function  technique  to  TV  games  is 
to  observe  the  symptoms  and  then  check  the  list  of  TV  game  func¬ 
tions  shown  in  Fig.  12.5  to  see  which  functions,  if  defective,  could 
result  in  the  observed  symptoms.  In  some  instances,  several  different 
functions  can  account  for  a  particular  symptom.  Loss  of  the  color 
sync  signal  right  at  the  crystal  oscillator,  for  example,  may  mean  that 
the  horizontal  and  vertical  synchronizing  signals  cannot  be  formed. 

In  that  event,  it  is  not  possible  to  obtain  any  sort  of  picture  on  the  TV 
set.  It  often  helps  if  we  can  look  at  a  block  or  circuit  diagram  of  the  TV 
game  while  trying  to  apply  the  symptom-function  technique. 
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Power  (batteries,  ac  adapter,  switches,  and  fuses) 
Game  selection  (resident,  cartridge) 

Cartridge  (plug-in  contacts) 

Time  selection 
Option  selection 

Player  controls  (cables  and  connectors) 

Antenna  switch  (power  switch) 

RF  oscillator  (frequency,  output  power) 

Modulator 

Vertical  sync  generator 

Horizontal  sync  generator 

Color  sync  burst  circuits 

Color  phase  gating 

Character  generator 

Score  counters 

Motion  generator 

Contact  detector 

Video  combiner 

Control  logic  or  microprocessor 

Clock  circuits 

Reset  circuits 

Audio  circuits 


Figure  12.5  TV  game  functions. 

12.3  SIGNAL-TRACING  TECHNIQUES  FOR  ELECTRONIC  GAMES 

The  signal- tracing  method  can  be  applied  either  by  injecting  a  test 
signal  and  following  it  through  the  circuit  or  by  tracing  a  signal  that 
is  already  available  in  the  circuit.  One  simple  example  of  how  this 
method  is  used  in  electronic  games  is  illustrated  in  Fig.  12.6  for  the 
vertical  stripe  generator  described  in  Chap.  3  and  shown  in  Fig.  3.4. 
Assume  that  the  symptom-function  technique  has  shown  that  the 
ball  in  Tennis  or  Hockey  is  a  horizontal  stripe  instead  of  a  dot.  Since 
we  know  that  the  function  that  makes  a  dot  out  of  a  horizontal  stripe 
is  the  vertical  stripe  generator,  we  focus  our  attention  on  that  circuit. 
We  know  from  Chap.  3  that  the  horizontal  synchronizing  pulse  is 
applied  as  trigger  to  the  first  one-shot.  By  connecting  the  oscilloscope 
probe  to  test  point  1,  we  can  check  to  make  sure  that  a  trigger  signal 
appears.  Assume  for  the  moment  that  we  can  see  the  horizontal 
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probeToS8p^nte2atwhe  P°im  We  »««  «*  osciHoscope 
shot.  If  we  do  no t  seo't Sh°Uld  See  the  outPu‘  of  *e  one- 
probably  in  the  one  shot  ^  P^  ^at  pomt'  we  know  the  defect  is 

signals, ^as  they  am  described  inV  "5  f  ^  “  traCe  the  vari°- 
points  in  Fie.  12.6.  WhpnPi  *  3’4'  .throu§h  each  °f  the  test 

in  amplitude  we  know  th  S!^?a  1S  missmS  or  greatly  reduced 
circuit  n°W  tha‘  the  defect  is  P^bably  in  the  preceding 

ing0tfhenw'IveCfom1SThd ^  ^  °f  defeCt  exists  b?  an^' 

than  at  poTnt  2™il  "  T  ^  qUite  differenl  at  Poi"‘  3 

one  of  the  reIistnrsSo  llluslrates  the  effect  of  differentiation.  If 

or  shorted  the  c„  f  paC“°rs  of  the  differentiating  circuit  is  open 

Check  with  the  oslCrrr  "0‘  (aPPear'  Fina"y'  We  Wi" 

appear  added  at  “b  P  ““  31  P°ints  4  and  5 

When  the  signal  is  missing  at  the  output  of  one  circuit  it  is  not 

3  ifoe,t0  TUme  thG  d6feCt  iS  definitely  ^  the  preceding 
circuit.  It  often  happens  that  the  input  to  the  next  staee  is  shm-w? 

causing  such  a  bad  impedance  match  that  the  signal  is^ost  For  that 

XmosHC TbT  ^  meaSUre  the  imPeda-e  simple  ohmmeter 
est  for  most  ICs)  before  we  can  be  sure  where  the  defect  really  is  We 

have  assumed  that  the  oscilloscope  probe  will  have  an  inpuHmped 
ance  of  at  least  1  Mfl.  This  is  quite  satisfactory  for  all  logic  ICs^ut 
may  become  a  problem  in  some  high-imped7nce  circuits  or  in  RF 
scillators  where  the  capacity  of  the  test  probe  can  shift  the  fre¬ 
quency  of  the  oscillator. 

When  signal  tracing  uses  an  injected  signal,  some  source  of  signal 
a  pulse  generator  or  logic  analyzer,  must  be  connected  to  the  circuit 


Figure  12.6  Signal  tracing  the  vertical-stripe  generator. 
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under  test.  For  this  application,  impedance  matching  is  extremely 
important  in  order  to  obtain  correct  test  results.  Be  sure  to  check  the 
output  impedance  of  any  signal  or  pulse  generator  and  then  compare 
it  with  the  input  impedance  of  the  circuit  to  which  it  is  to  be 
connected.  When  you  connect  a  very-high-impedance  source  to  a 
low-input  impedance,  this  may  tend  to  load  down  the  source  and 
result  in  incorrect  signal  amplitudes.  Similarly,  when  you  connect  a 
very-low-impedance  signal  generator  output  to  a  high-input  imped¬ 
ance,  the  signal  generator  will  load  down  the  circuit  under  test.  The 

best  impedance  match  is  obtained  when  both  impedances  are  the 
same  value. 

Oscilloscope  Signal  Tracing  Next  to  proper  impedance  matching,  the 
correct  synchronization  is  most  important  if  we  want  to  see  the 
signal  under  test.  In  the  example  of  Fig.  12.6,  where  the  trigger  signal 
is  at  the  horizontal  sweep  rate,  15.75  kHz,  the  oscilloscope  must  be 
synchronized  to  at  least  twice  that  frequency  in  order  to  show  us  two 
horizontal  sync  pulses.  Oscilloscopes  can  be  synchronized,  inter¬ 
nally  by  the  signal  they  receive,  in  which  case  the  first  pulse  is 
usually  not  fully  visible.  They  can  also  be  synchronized  to  an  external 
signal,  such  as  the  output  of  the  sync  generator  in  the  TV  game 
logic.  Wherever  convenient,  external  sync  will  provide  simpler 
troubleshooting. 

In  TV  games  the  signal  amplitudes,  except  for  the  RF  oscillator, 
range  between  2  and  8  V .  The  oscilloscope's  vertical  input  gain  must 
be  adjusted  to  present  the  proper  picture.  Most  oscilloscopes  have  an 
internal  calibrator  which  permits  us  to  make  a  good  amplitude 
measurement  of  the  observed  signal. 

When  properly  used,  signal  tracing  with  the  oscilloscope  permits 
us  to  not  only  confirm  the  presence  of  signals  but  also  determine 
their  waveform,  a  feature  that  is  particularly  important  when  differ¬ 
entiation,  saw  tooth- waveform,  and  other  nondigital  signals  are  pres¬ 
ent.  When  the  circuits  operate  strictly  in  the  digital  mode,  all  signals 
are  either  zeros  or  ones,  and  the  oscilloscope  loses  some  of  its 
effectiveness.  In  troubleshooting  microprocessors,  for  example,  we 
want  to  observe  the  data  input  and  output,  and  this  cannot  be  done 
as  effectively  with  a  simple  oscilloscope  as  with  a  logic  analyzer.  The 
key  difference  is  that  with  a  logic  analyzer  the  oscilloscope  output 
can  show  many  different  channels  simultaneously  and  the  output 
can  be  in  the  form  of  zeros  or  ones,  as  described  below.  An  oscillo¬ 
scope  capable  of  multitrace  displays  can  be  quite  helpful,  however, 
even  without  the  aid  of  a  logic  analyzer. 
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Using  Logic  Probes  For  signal  tracing  in  digital  circuits,  a  simple 
logic  probe  is  often  very  useful.  The  basic  circuit  for  such  a  device  is 
stown  in  lg.  12.7  and  consists  of  two  inverter  amplifiers,  each 
living  an  D  indicator.  If  the  test  leads  are  connected  to  a  zero 

V°  af.e' a  voltaSe  close  to  the  ground  potential,  the  LED  labeled  "0" 
will  light  up  and  the  other  one  will  remain  dark.  If  the  voltage 
reaches  the  minimum  triggering  level  of  the  amplifier,  the  LED 
labeled  1  will  light  up  and  the  other  LED  will  remain  dark.  If  the 
signal  sensed  by  the  test  leads  changes  faster  than  about  20  times  per 
second,  l  e  if  it  is  a  square  wave  of  more  than  20  Hz  in  frequency, 
en  both  LEDs  will  be  illuminated.  Clearly,  this  relatively  simple 

circuit  can  be  quite  useful  for  checking  the  presence  or  absence  of  all 
sorts  of  digital  signals. 

A  variety  of  commercial  logic  probes  are  available  for  different 
ogic  families  or  different  frequencies.  Some  even  have  a  numerical 
indication  like  the  test  probe  shown  in  Fig.  12.8.  This  unit  obtains  its 
VAC  from  a  terminal  in  the  circuit  under  test.  It  will  indicate  a  0  logic 
level  when  the  voltage  is  less  than  30  percent  and  a  1  logic  level  when 
the  voltage  is  more  than  70  percent  of  Vcc.  Any  voltage  between  30 
and  70  percent  results  in  no  display  at  all.  Its  input  impedance  is 
greater  than  2.7  Mfl,  more  than  ample  to  prevent  circuit  loading  in 
any  kind  of  logic  family.  One  of  the  options  available  with  this  probe 
is  a  gating  feature  which  allows  input  from  two  channels  so  that  the 
pulse  indicator  displays  only  when  both  inputs  are  in  coincidence. 
Another  option  provides  memory  or  stretch  modes,  the  ability  to 
capture  high-speed  pulse  trains,  and  "latching,"  as  well  as  the  ability 
to  detect  individual  high-speed  pulses. 

Another  popular  type  of  logic  probe  is  able  to  test  an  entire  IC.  As 


Vcc 


Figure  12.7  Basic  logic-probe  circuit. 


316  Electronic  Games 


illustrated  in  Fig.  12.9,  the  probe  itself  consists  of  a  clothespin-type 
device  in  which  the  smaller  end  is  clamped  to  the  pins  of  a  DIP  IC. 
The  larger  end  consists  of  16  or  more  LEDs,  each  one  corresponding 
to  a  pin  on  the  IC  under  test.  A  separate  power  supply  is  located  in 
the  control  box,  which  also  contains  a  selective  trigger  threshhold  to 
match  the  precise  characteristics  of  the  logic  family  under  test.  In 
order  to  use  this  type  of  logic  probe  effectively,  we  must  know  what 
signals  are  supposed  to  be  present  at  which  pin  of  the  IC  under  test. 
It  often  helps  to  draw  a  separate  diagram  showing  the  expected 
signals  and  waveforms  and  their  relationships.  With  this  arrange¬ 
ment  it  is  possible  to  observe  gate  inputs  rising  and  falling,  and 
pulses  going  from  one  circuit  to  another.  Flip-flops  may  be  seen 
changing  states,  and  decoders  and  encoders  can  be  seen  accepting 
and  recording  information.  Of  course,  we  can  observe  changing  sig¬ 
nals  only  if  their  rate  of  change  is  not  faster  than  the  resolution  capa¬ 
bility  of  the  human  eye,  i.e.,  usually  less  than  20  times  per  second. 

Word  Generators  and  Logic  Analyzers  These  rather  complex  and 
expensive  pieces  of  test  equipment  are  usually  found  only  in  service 
departments  that  specialize  in  digital  equipment  and  computer 


Figure  12.8  Logic  probe  (Kurz-Kasch,  Inc.). 
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Figure  12.9  Logic  monitor  (Continental  Specialties 
Corp.). 

troubleshooting.  Word  generators  are  essentially  pulse  generators 
which  are  able  to  deliver  digital  signals  corresponding  to  one  or  more 
bytes,  complete  words,  or  a  series  of  words.  Logic  analyzers  are 
usually  capable  of  accepting  16  or  more  simultaneous  inputs  and 
often  contain  their  own  word  generators.  Many  logic  analyzers  can 
be  programmed  to  apply  specific  test  words  or  word  groups  to 
equipment  and  then  analyze  the  simultaneous  response  of  many 
different  outputs.  In  effect,  a  logic  analyzer  performs  the  entire 
signal- tracing  process  of  a  complex  digital  circuit  automatically.  It  is 
capable  of  detecting  specific  errors,  stopping  the  input  when  errors 
occur  in  the  output,  and  then  pinpointing  the  logic  section  in  which 
the  error  apparently  originates.  Logic  analyzers  often  require  sophis¬ 
ticated  programming  and  are  able  to  display  the  input  and/or  output 
signals  in  terms  of  0  and  1.  An  oscilloscope  usually  provides  the 
display.  For  a  more  detailed  description  of  the  application  of  logic 
analyzers,  we  refer  the  reader  to  Complete  Guide  to  Digital  Test 
Equipment  by  Walter  H.  Buchsbaum,  Prentice-Hall,  1977. 
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12.4  VOLTAGE-RESISTANCE  TECHNIQUE  FOR  ELECTRONIC  GAMES 

As  indicated  at  the  beginning  of  this  chapter,  this  technique  is  most 
useful  in  pinpointing  a  defective  component  once  the  defect  has 
been  localized  to  a  specific  circuit.  Voltage  measurements  are  partic¬ 
ularly  effective  in  troubleshooting  power  supply  defects.  When  mea¬ 
suring  battery  voltage  and  the  output  voltage  of  AC  adaptors,  voltage 
regulators,  and  RC  decoupling  networks,  it  is  important  to  remem¬ 
ber  that  the  voltage  may  vary  as  the  circuit  load  varies.  Batteries  may 
appear  to  supply  adequate  voltage  when  they  are  removed  from  the 
circuit  but  may  show  a  considerable  voltage  drop  when  the  electronic 
game  is  drawing  maximum  current.  The  same  applies  to  the  elec¬ 
tronic  power  supply  and  its  various  outputs.  Temperature  effects 
often  change  the  current  drastically,  a  good  reason  to  measure  volt¬ 
age  both  under  cold  and  warm-up  conditions.  A  defective  voltage- 
regulator  IC  may  show  up  as  defective  only  after  the  game  has  been 
on  for  a  while  and  the  IC  has  been  allowed  to  heat  up. 

The  ohmmeter  measures  resistance  and  is  useful  to  check  not  only 
resistors  but  also  capacitors,  diodes,  transistors,  and  even,  though  to 
a  limited  extent,  ICs.  Where  potentiometers  are  used,  either  as  player 
controls  or  as  adjustments  in  the  game  circuits,  the  ohmmeter  mea¬ 
surement  should  be  made  with  the  potentiometer  varied  over  its 
entire  range. 

Capacitors  that  are  larger  than  1.0  mF  can  be  tested  by  first 
shorting  the  capacitor  and  then  connecting  it  across  the  ohmmeter, 
which  should  be  set  to  one  of  the  higher  resistance  scales.  As  the 
capacitor  is  charged,  the  ohmmeter  reading  should  go  from  near  zero 
to  almost  open  circuit.  If  the  capacitor  is  either  shorted  or  open,  the 
ohmmeter  will  indicate  this.  If  the  capacitor  is  leaky,  the  ohmmeter 
will  show  little  charging  effect  and  the  final  resistance  reading  will  be 
low. 


(a) 


(b) 


(c) 


Figure  12.10  Ohmmeter  tests  of  transistors. 
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Diodes  are  tested  by  measuring  their  forward  and  backward  resis¬ 
tance,  and,  as  a  simple  rule  of  thumb,  the  ratio  between  the  two 
should  be  at  least  10:1.  If  it  is  not,  the  diode  is  defective. 

Transistors  can  be  represented  as  two-diode  devices  and  can  be 
tested  by  that  same  principle.  Three  basic  tests  are  illustrated  in  Fig. 
12.10.  One  diode  test  is  shown  in  Fig.  12.10a,  the  ohmmeter  being 
applied  between  the  base  and  collector  with  the  polarities  indicated. 
This  should  result  in  a  high  resistance  reading.  If  the  ohmmeter  leads 
are  now  reversed,  the  resistance  reading  should  be  low.  The  ratio 
between  these  two  readings  should  be  at  least  100:1  to  indicate  that 
this  junction  of  the  transistor  is  good.  The  base-emitter  diode  is 
tested  by  the  circuit  of  Fig.  12.10b.  With  the  polarities  indicated 
here,  the  resistance  reading  should  be  high,  and  when  the  test  leads 
are  reversed,  the  reading  should  be  low.  Again,  a  100:1  ratio  of  the 
two  resistance  readings  indicates  that  the  base-emitter  diode  is 
good.  One  measure  of  the  overall  operation  of  the  transistor  can  be 
obtained  by  the  simple  test  circuit  of  Fig.  12.10c.  By  shorting  the 
base  to  the  emitter,  possibly  with  a  clip  lead,  the  resistance  reading 
with  the  polarities  indicated  should  be  high.  When  the  short  circuit 
is  moved  from  the  emitter  to  connect  the  base  to  the  collector,  the 
resistance  reading  should  be  low.  These  three  simple  tests  will 
quickly  find  open  or  shorted  transistors. 

Resistance  tests  are  only  of  limited  utility  when  we  are  dealing 
with  LSI  ICs.  We  can  check  the  input  and  output  resistance  of 
specific  leads  but  cannot  in  any  way  determine  what  any  of  the  other 
logic  elements  are  like.  In  many  instances,  however,  the  defect  in  the 
IC  is  due  to  an  open  circuit  between  the  pin  and  the  internal 
connection  to  the  semiconductor  strip.  This  type  of  defect  can  be 
picked  up  by  the  resistance  technique.  If  we  know  the  input  and 
output  impedance  of  all  of  the  logic  elements  on  a  particular  IC,  we 
can  check  with  the  ohmmeter  to  make  sure  that  they  are  correct.  In 
general,  ICs  are  better  tested  by  different  methods. 

12.5  SUBSTITUTION  TECHNIQUE  IN  ELECTRONIC  GAMES 

Substituting  a  good  part  for  a  suspected  part  is  one  sure  way  of 
finding  out  if  we  have  really  located  the  trouble.  Unfortunately,  the 
substitution  technique  has  only  limited  application  in  electronic 
games  because  relatively  few  components  can  be  substituted  easily, 
quickly,  and  inexpensively.  Depending  on  what  we  have  concluded 
from  the  application  of  the  symptom-function  technique,  we  may 
decide  to  substitute  new  batteries,  laboratory  power  supplies,  fuses, 
cables,  etc.  If  a  particular  electronic  game  operates  erratically  with  its 
adaptor  but  performs  perfectly  well  when  connected  to  a  well- 
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regulated  laboratory  power  supply,  chances  are  there  is  some  co 
nent  in  the  AC  adaptor  power  supply  which  is  marginal.  If 
that  one  of  the  player  controls  does  not  operate  correctly,  we  ma  ^ 
able  to  interchange  controls  by  interchanging  connectors  and  cabl  6 
This  will  help  us  to  localize  the  defect  to  the  control  itself  or,  po 
bly,  to  the  connector.  Capacitors,  particularly  those  used  as  B-p^u 
filters,  can  be  easily  substituted  by  disconnecting  one  side  of  th 
capacitor  and  connecting  one  known  to  be  good.  6 

Unfortunately,  it  is  not  as  simple  to  substitute  ICs  if  they  are 
soldered  into  the  PC  board.  A  variety  of  special  tools  are  now  on  the 
market  which  are  specifically  designed  for  removing  ICs  from  a  PC 
board  with  minimum  damage  to  the  IC  and  to  the  PC  board  itself 
Even  with  the  right  tools,  however,  removing  an  IC  and  replacing  it 
on  a  PC  board  is  still  laborious  and  time-consuming.  One  method  of 
testing  ICs  in  the  circuit,  without  removing  them,  is  a  comparison 
testing  technique  such  as  the  one  available  with  the  Fluke  Trendar 
equipment.  This  device  includes  a  clothespin-type  clamp  similar  to 
the  one  shown  in  Fig.  12.9,  which  connects  to  the  IC  under  test  by 
means  of  spring  pressure.  A  plug-in  socket  on  the  unit  holds  a 
duplicate  IC  known  to  be  good.  A  set  of  LED  indicators,  one  for  each 
pin,  shows  the  difference  between  the  logic  states  of  each  pin  on  the 
unit  under  test  and  the  one  known  to  be  good.  The  substitute  IC 
receives  the  same  input  signals  as  the  suspected  unit,  and  its  output 
signals  are  presumably  correct.  If  all  of  the  output  signals  are  the 
same  on  both  ICs,  it  must  be  assumed  that  the  unit  under  test  is 
good.  This  approach  works  well  as  long  as  none  of  the  input  gates  are 
shorted  to  ground,  in  which  case  some  of  the  gates  would  simply  not 
be  tested.  If  the  signals  applied  to  the  IC  under  test  are  the  wrong 
signals,  the  test,  of  course,  is  not  very  helpful.  When  using  this 
substitution  or  comparison  technique,  it  is  best  to  start  with  the  one 
IC  that  we  are  sure  has  the  correct  signals  on  all  inputs  and  outputs. 
This  comparison  method  is  quite  helpful  in  coin-operated  games 
where  large  numbers  of  standard  ICs  are  used. 


12.6  MOST  FREQUENT  DEFECTS  IN  ELECTRONIC  GAMES 

Electronic  equipment  is  quite  reliable  by  itself  but  depends,  to  a 
great  extent,  on  such  mechanical  portions  as  connectors,  switches, 
cables,  etc.  The  vast  majority  of  defects  originate  in  these  mechanical 
parts.  It  can  be  argued  that  any  kind  of  defect  in  electronic  equip¬ 
ment,  even  a  defect  in  the  IC  itself,  is  mechanical  in  nature  since  it 
means  a  change  in  the  mechanical  structure  of  the  electronic  circuits. 
For  our  purposes,  however,  we  will  consider  mechanical  defects  to 
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be  those  which  we  can  clearly  see  or  check  with  an  ohmmeter.  When 
we  use  the  symptom-function  technique  to  isolate  a  defect  to  a 
speci  ic  unctional  area,  we  should  always  consider  open  and  short 
circuits  as  well  as  intermittent  contacts  in  all  mechanical  parts  such  as 
switches,  connectors,  and  cables.  In  addition  to  these  mechanical 
trouble  sources,  the  following  listing  of  frequently  found  defects  will 
help  the  troubleshooter  to  work  with  electronic  games  of  all  types. 

Display  Defects  Defects  in  LEDs  or  other  numerical  displays  are 
quite  rare.  Dim  individual  segments  or  a  dead  LED  are  obvious 
defects  which  can  only  be  repaired  by  substituting  a  new  unit. 
Where  the  display  is  a  TV  set  or  a  monitor,  the  following  six  basic 
types  of  defect  are  most  frequent,  in  the  order  of  their  listing. 

1.  Horizontal  oscillator  and  flyback  circuit.  Defects  in  this  sec¬ 
tion  frequently  result  in  total  loss  of  the  TV  raster.  When 
the  horizontal  oscillator  does  not  work  properly,  it  does 
not  supply  the  flyback  pulses  and  this,  in  turn,  results  in 
loss  of  the  high  voltage  required  for  the  second  anode  or 
ultor  of  the  picture  tube.  Whenever  the  screen  is  dark, 
check  to  see  that  the  filaments  of  the  picture  tube  are 
illuminated,  and  then  you  can  assume  that  the  defect  is  in 
the  horizontal  oscillator  and  flyback  section.  Occasionally 
a  defect  is  found  in  the  high-voltage  section  itself. 

2.  Vertical  sweep.  Defects  in  this  section  frequently  show  up 
either  as  a  single  horizontal  line  or  as  vertical  nonlinear¬ 
ity.  When  you  observe  a  single  horizontal  line  instead  of 
the  normal  raster,  the  vertical  sweep  signal  is  probably 
missing  from  the  deflection  yoke.  The  most  likely  trouble 
source  is  the  vertical  oscillator  itself.  When  the  pictures 
appear  compressed  at  the  top  or  expanded  at  the  bottom, 
or  vice  versa,  the  most  likely  defect  is  a  misadjustment  of 
the  vertical  linearity  and  height  controls.  Similarly,  if  the 
picture  does  not  fill  the  screen  at  the  top  or  bottom,  these 
controls  are  either  misadjusted  or  the  circuits  connected  to 
them  are  defective.  Another  occasional  defect  connected 
with  the  vertical  sweep  section  is  loss  of  vertical  synchro¬ 
nization.  This  is  apparent  when  the  picture  seems  to  roll 
through  the  screen  in  a  vertical  direction.  The  sync  cir¬ 
cuits  may  be  defective  or,  very  likely,  the  sync  separator 
section  of  the  TV  monitor  or  receiver  is  attenuating  the 
vertical  synchronizing  signal.  Occasionally,  when  these 
circuits  operate  marginally,  TV  pictures  transmitted  over 
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the  air  may  synchronize  better  than  those  originating  in  a 
TV  game.  The  vertical  synchronizing  signal  generated  bv 
the  TV  game  should  be  checked  before  suspecting  the 
sync  separator  section. 

3.  TV  Tuner  Contacts.  Mechanical  channel  selection  is  used 
in  the  vast  majority  of  home  TV  receivers,  and  the  con¬ 
tacts  required  to  accomplish  this  often  wear  and  become 
intermittent.  When  a  channel  is  not  normally  used,  the 
contacts  for  that  channel  may  become  corroded  so  that 
they  operate  only  intermittently  when  a  TV  game  is  con¬ 
nected  and  displayed.  If  you  have  to  jiggle  the  channel- 
selector  switch  in  order  to  get  the  best  picture  and  sound, 
you  know  that  the  tuner  contacts  need  cleaning  and  tight¬ 
ening.  Another  defect  of  the  channel-selector  section  can 
be  due  to  misadjustment  of  the  internal  fine  tuning.  This 
is  particularly  true  when  you  first  connect  the  set  to  the 
game  and  tune  for  channel  2,  3,  or  4,  which  have  never 
been  previously  used.  It  may  be  necessary  to  fine-tune  for 
this  channel  by  means  of  the  internal  alignment  screws. 

4.  Interference.  The  problem  of  interference  with  TV  recep¬ 
tion  can  be  quite  troublesome,  and  its  solution  goes 
beyond  the  scope  of  this  book.  When  a  TV  set  is  con¬ 
nected  to  an  electronic  game,  most  interfering  signals  are 
shut  out  by  the  antenna  switch.  In  some  rare  cases,  how¬ 
ever,  interference  can  be  picked  up  by  the  TV  game  itself 
and  will  then  appear  on  the  screen.  This  type  of  interfer¬ 
ence  is  invariably  due  to  outside  sources  like  automobile 
or  truck  ignition  systems,  CB  or  amateur  radios,  dia¬ 
thermy  (heat-sealing)  machines,  etc.  We  can  often  deter¬ 
mine  the  source  of  the  interference  by  observing  its  dura¬ 
tion  and  the  time  when  it  occurs.  If  you  live  near  a 
doctor's  office  and  receive  interference  only  when  the 
doctor  has  office  hours,  chances  are  it  is  due  to  the  dia¬ 
thermy  machine  or  some  other  equipment  in  the  office. 
Amateur  and  CB  radio  interference  always  occurs  in  short 
bursts,  corresponding  to  the  transmissions  of  the  offend¬ 
ing  operator.  Automobile  or  truck  ignition  interference 
can  usually  be  correlated  with  the  engine  noise  itself.  The 
first  approach  in  such  situations  is  to  contact  the  owner  of 
the  interfering  device  and  point  out  the  FCC-imposed 
obligation  not  to  interfere. 
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5. 


coin-operated  games  tend  to  be  careless  with  the  player 

controls,  the  cables,  and  the  connections.  We  have  seen 

many  instances  of  connectors  where  pins  are  bent  or 

broken  or  where  pieces  of  metal  have  become  stuck  in  the 

connector  and  have  shorted  out  pins.  In  summary,  almost 

all  of  the  control  defects  are  due  to  mechanical  wear  and 
tear. 

6.  Logic  Defects:  While  anything  can  happen  to  the  delicate 
and  sensitive  ICs  mounted  on  a  PC  board,  defective  con¬ 
nectors,  particularly  PC  board  edge  connectors,  are  the 
most  frequent  trouble  source.  Next  in  frequency  of  occur¬ 
rence  are  defects  in  the  PC  board  itself.  Usually  these  are 
due  to  cracks  in  the  conductors,  to  open  circuits,  or  to 
short-circuits  between  conductors.  This  latter  type  of 
defect  is  fairly  rare  when  the  PC  boards  are  coated  with  an 
insulating  material,  but  “bare"  PC  boards  can  easily 
develop  short  circuits.  Iron  filings,  pieces  of  solder,  or 
tiny  pieces  of  wire  from  cut-off  components  have  a  way  of 
wedging  themselves  in  between  adjacent  conductors  and 
causing  short-circuits.  Defects  in  the  IC  pins  or  in 
through-plated  holes  on  the  PC  board  are  fairly  rare,  but  if 
they  occur,  hairline  breaks  or  cold  solder  joints  are  the 
most  likely  trouble.  A  defect  in  the  IC  itself  is  the  least 
likely  of  the  troubles  we  can  look  forward  to  when  we 
have  isolated  a  defect  to  the  logic  section  itself. 

12.7  INTERMITTENT  AND  HARD-TO-FIND  DEFECTS 

The  reader  who  has  a  fair  amount  of  experience  in  troubleshooting 
electronic  equipment  will  remember  instances  where  all  of  the  tech¬ 
niques,  all  of  the  tests,  all  of  the  repairs  and  substitutions,  have 
failed  to  cure  the  trouble.  Just  as  frustrating  as  these  hard-to-find 


mush  'h^ndlW  PUyer  C°ntr0ls  °ften  receive  fairly 

.,  Sh  handling,  they  are  more  likely  to  become  defective 

quite  ob”ousTSOle  C0ntr°ls'  Some  of  the  detos  will  be 
quite  obvious.  If  someone  spills  coffee  into  a  hand-held 

poor^d^t™  ™  mt°  the  main  console'  we  can  expect 
poor  and  intermittent  contact  to  result.  When  the  cable  to 

defert-ayer  18  frayed'  nicked'  or  badly  bruised, 

defective  connections  are  likely  to  result.  The  spot  at 

w  ich  controls  most  frequently  become  defective  is  at  the 

connectors.  TV  game  owners  as  well  as  those  usincr  f hp 
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defects  are  intermittent  defects.  In  this  case  the  defect  occurs  only  at 
certain  times  and  then  disappears.  When  everything  else  has  failed 
we  recommend  the  following  last-resort  method. 

Arrange  to  heat  the  equipment  that  contains  the  hard-to-find  or 
intermittent  defect  up  to  the  temperature  limit  of  its  most  sensitive 
component,  usually  the  ICs.  Commercial  grade  ICs  can  usually  with¬ 
stand  temperatures  up  to  45°C.  When  this  temperature  is  reached 
carefully  repeat  the  tests  you  have  previously  performed  Write' 
down  the  results  of  each  test.  When  all  measurements  are  done  and 
the  equipment  is  still  working  correctly,  attempt  to  lower  the  temper¬ 
ature  as  quickly  as  possible.  This  can  be  done  by  blowing  cold  air  on 
it  with  a  fan  or  blower,  or  by  using  one  of  the  "freezer"  spray  cans. 
Most  ICs  are  rated  to  operate  satisfactorily  at  0°C,  and  this  tempera¬ 
ture  can  usually  be  achieved  without  too  much  trouble.  Repeat  this 
entire  test  procedure  and  again  write  down  the  results  of  every  test 
In  the  course  of  this  work  you  may  find  that  some  components  have 
developed  specific  defects.  Replace  them  and  repeat  the  test  pro ce- 

ure.  You  have,  in  theory  at  least,  found  the  defective  or  marginal 
component. 

If  the  hot  and  cold  temperature  cycling  does  not  result  in  locating 
the  true  defect,  you  might  try  mechanical  vibration— shaking  or 
jiggling  the  equipment  for  10  or  15  minutes  at  a  stretch — alternated 
with  hot  and  cold  temperature  cycling.  The  theory  behind  this 
method  is  that  the  intermittent  or  hard-to-find  defect  is  due  to  some 
marginal  component  which  is  likely  to  fail  under  the  stresses  of  heat 
and/or  mechanical  vibration.  From  time  to  time  it  is  a  good  idea  to 
interrupt  the  temperature  cycles  and  carefully  go  over  the  suspected 
circuitry  with  detailed  voltage,  frequency,  amplitude,  waveform, 
and  other  measurements,  which  are  compared,  step-by-step,  with 
the  manufacturer's  technical  data.  This  method  is  time-consuming, 
but  eventually  the  defective  part  will  be  located. 
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The  following  is  a  list  of  the  subroutines  used  with  the  Blackjack 
game  program  given  in  Chapter  10. 


Hexadecimal  code 
Address  Instruction  Label 

1020  C5  GEN  CARD: 


1020 

C5 

21 

CD0001 

24 

014100 

27 

09 

28 

Cl 

29 

CD6010 

2C 

C5 

2D 

CD3101 

30 

EB 

31 

Cl 

32 

CD8010 

35 

2B 

36 

2B 

37 

C5 

38 

CD3101 

3B 

Cl 

3C 

C9 

1060 

C5 

61 

E5 

62 

78 

63 

E6F0 

65 

OF 

66 

OF 

67 

OF 

68 

OF 

Mnemonic 

Instruction 


PUSH 

CALL 

LX  I 

DAD 

POP 

CALL 

PUSH 

CALL 

XCHG 

POP 

CALL 

DCX 

DCX 

PUSH 

CALL 

POP 

RET 


SUIT  SELECT: 


B 

OUTLINE 

B,#0041 

B 

B 

SUIT  SELECT 
B 

PATTERN  DISP 


POINT  SELECT 
H 
H 
B 

PATTERN  DISP 
B 


PUSH  B 
PUSH  H 
MOV  A, 
ANI  #  f 

RRC 
RRC 
RRC 
RRC 


Comment 

Save  selected  card. 
Generate  card  outline 
Correct  screen  position  to 
start  suit  display. 

Uses  B  to  form  suit  address. 

Final  screen  address  in  DE 


Uses  B  to  form  point  address. 


Most  significant  hex  in  B 
determines  suit. 

MSH  Suit  Suit  address 

01  heart  0151 

02  spade  01 5D 

03  diamond  0169 

04  club  0175 


figure  A-1  Blackjack  subroutines. 
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Hexadecimal  code  Mnemonic 


Address 

Instruction 

Label 

Instruction 

Comment 

1069 

6C 

214501 

110C00 

LXI 

H,#0145 

Suit  address  base  number. 
Suit  address  movement 

LXI 

D,#O00C 

number. 

6F 

19 

LOOP: 

DAD 

D 

70 

71 

3D 

C26F10 

DCR 

JNZ 

A 

LOOP 

■  Modify  address  to  correspond 
to  particular  suit. 

74 

EB 

XCHG 

75 

El 

POP 

H 

76 

Cl 

POP 

B 

77 

C9 

POINT 

RET 

1080 

C5 

SELECT: 

PUSH 

B 

Pattern  for  ace  at  0200,  two 

81 

E5 

PUSH 

H 

at  020C,  three  at  0218,  etc. 

82 

78 

MOV 

A.B 

83 

E60F 

ANI 

#0F 

Strip  off  point  valve. 

Initialize  point  address  base 

85 

21F401 

LXI 

H,#01  F4 

number. 

Point  address  increment 

88 

110C00 

LXI 

D,#0O0C 

number. 

8B 

19 

LOOP: 

DAD 

D 

Modify  address  to  correspond 

8C 

3D 

DCR 

A 

to  pattern  for  selected  point. 

8D 

C28B10 

JNZ 

LOOP 

90 

EB 

XCHG 

91 

El 

- 

POP 

H 

92 

Cl 

POP 

B 

93 

C9 

RET 

0100 

3E1B 

OUTLINE: 

MVI 

A,#1B 

Top  line  of  card  outline. 

02 

160B 

MVI 

D,#0B 

Repeat  counter. 

0104 

77 

LOOP2: 

MOV 

M,A 

05 

23 

INX 

H 

06 

15 

DCR 

D 

07 

C30401 

JNZ 

LOOP2 

0A 

3E07 

MVf 

A,#07 

Right  side  of  card  outline. 

OC 

014000 

LXI 

B,#0040 

OF 

1606 

MVI 

D,#06 

11 

77 

LOOP3: 

MOV 

M.A 

12 

09 

DAD 

B 

Add  line  number  to  move. 

13 

15 

DCR 

D 

14 

C21101 

JNZ 

LOOP3 

17 

2B 

DCX 

H 

Bottom  line. 

Subtract  line  number  (2s 

18 

01C0FF 

LXI 

B,#FFC0 

complement). 

IB 

09 

DAD 

B 

1C 

3E36 

MVI 

A, #36 

IE 

1608 

MVI 

D,#08 

20 

77 

LOOP4: 

MOV 

M.A 

21 

2B 

DCX 

H 

22 

15 

DCR 

D 

23 

C22001 

JNZ 

LOOP4 

26 

3E38 

MVI 

A.  #38 

Left  line 

28 

1606 

MVI 

D.06 

2A 

77 

LOOP5: 

MOV 

M.A 

2B 

09 

DAD 

B 

Figure  A-1  (Continued) 
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/  lr\  inh'<  ifflflt  com  Mnemonic 

/[(Itlte^  Instnuluni  I  nbel  Instruction  Comment 


20 

15 

DOR 

20 

C22A01 

JNZ 

30 

C9 

RE  T 

0131 

23 

PATTERN  DISP 

INX 

32 

23 

INX 

33 

EB 

XCHG 

34 

013C00 

LXl 

37 

C5 

PUSH 

38 

0603 

MVI 

3A 

0E04 

NEW  LINE. 

MVI 

30 

7E 

NEX  GRAPHIC: 

MOV 

3D 

23 

INX 

3E 

EB 

XCHG 

3F 

77 

MOV 

40 

23 

INX 

41 

EB 

XCHG 

42 

CD 

OCR 

43 

C23C01 

JNZ 

46 

E3 

LINE  CHECK: 

XTHL 

47 

EB 

XCHG 

48 

19 

DAD 

49 

EB 

XCHG 

4A 

E3 

XTHL 

4B 

05 

DCR 

4C 

C23A01 

JNZ 

4F 

Cl 

POP 

50 

C9 

RET 

1040 

210011 

FORM  DECK: 

LXl 

1043 

1  El  0 

MVI 

45 

1601 

LOOP  6: 

MVI 

47 

7B 

LOOP  7: 

MOV 

48 

82 

ADD 

49 

77 

MOV 

4A 

2C 

INR 

4B 

14 

INR 

4C 

7A 

MOV 

4D 

FEOE 

CPI 

4F 

C24710 

JNZ 

52 

7B 

MOV 

53 

C610 

ADI 

55 

5F 

MOV 

56 

PESO 

CPI 

58 

C8 

RZ 

59 

C34510 

JMP 

1F20 

46 

PACK  DECK: 

MOV 

21 

23 

PACK  MORE: 

INX 

22 

5E 

MOV 

23 

2B 

DCX 

24 

73 

MOV 

25 

23 

INX 

26 

79 

MOV 

27 

BD 

CMP 

28 

C2211F 

JNZ 

0 

LOOPS 


H 

Correct  screen  address. 

H 

D 

B,#003C 

Next  line  increment. 

B 

Save  line  increment. 

B,  #03 

C,#04 

A,M 

Put  graphic  in  A. 

H 

Increment  graphic  address 

pointer, 

M.A 

Put  graphic  on  screen. 

H 

C 

NEX  GRAPHIC 

Any  more  lines  to  display. 

D 

B 

NEW  LINE 

B 

H,#1 100 

Initialize  deck  location. 

E,  #  1 0 

Suit  pointer. 

D,#01 

Face  value  pointer. 

A,E 

D 

M,A 

L 

Next  location 

D 

Next  card 

A.D 

#0E 

Any  more  cards  in  suit? 

LOOP7 

A,E 

#10  ] 

Change  to  next  suit. 

E,A  i 

#50 

Any  more  suits? 

LOOP6 

B.M 

Save  selected  card. 

H 

EM 

Push  card  beneath  into 

H 

vacated  space. 

M,E 

H 

A.C 

Any  more  cards 

L 

to  pack? 

PACK  MORE  ; 

F*9ure  A-1  (Continued) 
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Hexadecimal  code 


Mnemonic 


\ddress 

Instruction 

Label 

Instruction 

1F2B 

0D 

DCR 

C 

2C 

C9 

RET 

1F40 

110088 

MESSAGE: 

LXI 

D,#8800 

43 

7E 

NEX  CHAR: 

MOV 

A.M 

C 

44 

FEO 

CPI 

#C0 

46 

C8 

RZ 

47 

EB 

XCHG 

48 

77 

MOV 

M,A 

49 

23 

INX 

H 

4A 

13 

INX 

D 

4B 

EB 

XCHG 

4C 

C3431F 

JMP 

NEX  CHAR 

1F00 

CD101F 

INPUT: 

CALL 

KBD  IN 

03 

FED3 

CPI 

#D3 

DEALER 

05 

CA801E 

JZ 

CARDS 

08 

33 

INX 

SP 

09 

33 

INX 

SP 

0A 

C9 

RET 

1  FI  0 

DB89 

KBD  IN: 

IN 

#89 

12 

E601 

ANI 

#01 

14 

C2101F 

JNZ 

KBD  IN 

17 

DB88 

IN 

#88 

19 

F680 

ORI 

#80 

IB 

C9 

RET 

RANDOM 

1F50 

0E33 

INIT: 

MVI 

C,#33 

52 

41 

RANDOM: 

MOV 

B,C 

53 

DB89 

LOOP: 

IN 

#89 

55 

E601 

ANI 

#01 

57 

CC001F 

CZ 

INPUT 

5A 

05 

DCR 

B 

5B 

C2531F 

JNZ 

LOOP 

5E 

C3521F 

JMP 

RANDOM 

1F63 

21D188 

BET: 

LXI 

H,#88D1 

66 

CD101F 

NEX  CHAR: 

CALL 

KBD  IN 

69 

FEC5 

CPI 

#C5 

6B 

CA731F 

JZ 

STORE 

6E 

77 

MOV 

M.A 

6F 

23 

INX 

H 

70 

C3661F 

JMP 

NEX  CHAR 

73 

21D188 

STORE: 

LXI 

H,#88D1 

76 

7E 

MOV 

A.M 

77 

CD9000 

CALL 

PACK 

7A 

23 

INX 

H 

7B 

7E 

MOV 

A,M 

7C 

CD9000 

CALL 

PACK 

7F 

32A210 

STA 

#10A2 

Comment 


Screen  start  position. 


Check  for  end  of  message- 
the  “@M  symbol. 


Places  character  struck 
on  KBD  into  A. 

Check  for  ‘‘ST 


Get  RANDOM  address 
off  stack  so  can  return 
to  proper  point  in  MAIN. 

Check  for  key  press 
signal. 


Initialize  deck  size  to  52 
cards. 

Check  if  key  struck. 

Loops  generating  random 
numbers  from  t  to  current 
deck  size  until  key  is 
struck. 

Initialize  to  screen  location 
of  bet  display. 

Check  if  “E  ’  struck. 

Place  entry  on  screen 
if  not  an  "E.” 

Load  bet  into  bet  register. 

Packs  first  2  characters 
together  into  single  byte 


Figure  A-1  (Continued) 
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Hexadecimal  code 


Mnemonic 


uidress 

Instruction 

l  i ibel 

r  . 

Instruction 

82 

23 

INX 

H 

83 

LU 

MOV 

A.M 

84 

CD 9000 

CALL 

PACK 

87 

23 

INX 

H 

1F88 

7E 

MOV 

A,M 

89 

CD9000 

CALL 

PACK 

8C 

32A110 

STA 

#10A1 

8F 

C9 

RET 

0090 

EGOF 

PACK: 

ANI 

#0F 

92 

4F 

MOV 

C,A 

93 

78 

MOV 

A.B 

94 

E60F 

ANI 

#0F 

96 

07 

RLC 

97 

07 

RLC 

98 

07 

RLC 

99 

07 

RLC 

9A 

81 

ADD 

C 

9B 

47 

MOV 

B.A 

9C 

C9 

RET 

ooco 

F5 

UNPACK: 

PUSH 

PSW 

Cl 

OF 

RRC 

C2 

OF 

RRC 

C3 

OF 

RRC 

C4 

OF 

RRC 

C5 

E60F 

ANI 

#0F 

C  7 

F6BO 

ORI 

#B0 

C9 

77 

MOV 

M.A 

CA 

23 

INX 

H 

00CB 

FI 

POP 

PSW 

CC 

E60F 

ANI 

#0F 

CE 

F6B0 

ORI 

#B0 

DO 

77 

MOV 

M.A 

D1 

23 

INX 

H 

D2 

C9 

RET 

1 FAO 

2AA110 

CHECK  BET: 

LHLD 

#1 0A1 

A3 

EB 

XCHG 

A4 

2  A  A3 10 

LHLD 

#1 0A3 

A7 

7C 

MOV 

A.H 

A8 

BA 

CMP 

D 

A9 

CAB01F 

JZ 

CHECK  L 

AC 

DO 

RNC 

BET  OK 

AD 

C3B51F 

JMP 

BET  NG 

BO 

7D 

CHECK  L: 

MOV 

A.L 

Bl 

BB 

CMP 

E 

B2 

DO 

RNC 

B3 

21  Bl  1 3 

BET  NG: 

LXI 

H,#13B1 

B6 

CD401F 

CALL 

MESS 

Comment 


Packs  next  two 
characters. 


Store  results. 


Convert  ASCII  to  HEX. 

B  contains  partial  packed 
result. 


Packs  in  new  character  on 
right. 

Save  result  in  B. 


Save  word. 

Convert  4  MSBs  to 
proper  ASCII 
character 


Display  it. 

Convert  4  LSBs  to 
proper  ASCII  code 

Display  it. 


Bring  in  bet. 

Store  bet  in  DE. 

Bring  bankroll  into  HL. 

If  H  >  D,  bet  OK. 

If  D  >  H,  bet  NG. 

If  D  =  H,  check  L  and  E. 


Bet  OK 

Message:  “I'M  SORRY,  YOU’RE 
BET  MORE  MONEY  THAN  . 


Figure  A-1  (Continued) 
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Hexadecimal  code 


Mnemonic 


00F2 

F5 

F7 

F8 

F9 

FA 

FC 

FF 


Address 

Instruction 

Label 

Instruction 

Comment 

B9 

3AA410 

LDA 

#10A4 

BC 

21D188 

LXI 

#88D1 

Display  bankroll  as  part 

BF 

CDC000 

CALL 

UNPACK 

of  previous  message. 

C2 

3 A A3 10 

LDA 

#10A3 

C5 

CDC000 

CALL 

UNPACK  J 

C8 

CD631F 

CALL 

BET 

CB 

C9 

RET 

1FDO 

CD521F 

CREATE: 

CALL 

RANDOM 

Generate  card  number 

D3 

68 

SUB  CREATE: 

MOV 

L,B  I 

Remove  card  from  deck. 

D4 

2611 

MVI 

H,#1 1  J 

D6 

CD201F 

CALL 

PACK  DECK 

D9 

78 

MOV 

A,B 

Check  for  picture  card— 

DA 

E60F 

ANI 

#0F 

if  picture  card,  replace 

DC 

FEOA 

CPI 

#0A 

point  value  by  10. 

DE 

F8 

RM 

DF 

3E10 

MVI 

A, #10 

El 

C9 

RET 

210088 

3E3F 

77 

23 

7C 

FE8C 

C2F500 

C9 


CLR  SCRN: 
LOOP  8 


LXI 

MVI 

MOV 

INX 

MOV 

CPI 

JNZ 

RET 


H,#8800 

A,#3F 

M,A 

H 

A,H 
#8C 
LOOP  8 


Initialize  to  first  byte  in  video 
RAM. 

Put  a  blank  in  A. 


Check  for  end  of  screen. 


Figure  A-1  (Continued) 


